


A TEXT-BOOK 


OF 

EUCLID’S ELEMENTS 


BOOKS L— m. 


BY 

H. S. HALL, M.A. 

FORMERLY SCHOLAR OF CHRIST’S COI.LEOE, CAMBRIDOE 
AND 

F. H. STEVENS, M.A. 

FORMERLY SCHOLAR OF QUBEN’S COLLEGE, OXFORD 
MASTERS OF THE MILITARY SIDE, CLIFTON COLLEGE 


Eontion 

MACMILLAN AND CO., Limited 

NEW YORK : THE MACMILLAN COMPANY 

1898 

All righte reserved 



Richakh Clay and Sons, I,lmitjiD, 

LONDON AND UUNGAY. 

Fint EtHlion 1804 
Ikprinied 1896 . 1808 . 



CONTENTS. 

BOOK I. 

PAGE 


Definitions, Postulates, Axioms 1 

Section I. Peopositions 1—20 11 

Section II, Paralj.bls and Parallelograms. 

Propositions 27— 34 50 

Section III. The Areas op Parallelograms and Triangles. 

Propositions 35—48 66 


Theorems and Examples on Book I. 


Analysis, Synthesis 87 

I. On the Identical Equality of Triangles ... 90 

II. On Inequalities 93 

III. On Parallels 95 

IV. On Parallelograms 96 

V. Miscellaneous Theorems and Examples . . 100 

VI. On the Concurrence op Straight Lines in a Tri- 
angle . 102 

VII. On the Construction op Triangles with given 

Parts 107 

VIII. On Areas 109 

IX. On Loci 114 

X. On the iNTERSEcrnoN of Loa 117 



IV 


CONTENTS. 



BOOK II. 




PAGE 

Definitions, &c. 



. 120 

Propositions 1—14 . 


. . 122 

Theorems and Examples on 

Book II. . 

. 144 


BOOK III. 

Definitions, &c 149 

Pbopositions 1—37 . . 153 

Note on the Method op Limits as Applied to Tanoenct . 213 

Theorems and Examples on Book III. 

I. On the Centhe and Chords of a Circle . . . .215 

II, On the Tanoent and the Contact op Circles. 

The Common Tangent to Two Circles, Problems on 
Tangency, Orthogonal Circles 217 

III. On Angles in Segments, and Angles at the Centres 
and Circdmfekences of Circles. 

The Ortlioceutrc of a Triangle, and Properties of the 


Pedal Triangle, Loci, Simson’s Line .... 222 
IV. On the Circle in Connection with Rectangles. 

Further Problems on Tangency 233 

V. On Mai^ima and Minima 239 

VI. Harder Miscellaneous Examples 246 


APPENDIX TO BOOK III. 

I. On Poi.r and Polar 

II. On the Jva.mcal Axis 



EUCLID’S ELEMENTS 


BOOK I. 

Definitions. 


1. A point is that which has position, but no mag- 
nitude. 

2. A line is that which has length without breadth. 

The extremities of a line are points, and the intersection of two 
lines is a point. 

3. A straight line is that which lies evenly between 
its extreme points. 

Any portion cut ofi from a straight line is called a segment of it. 

4. A surface is that which has length and breadth, 
but no thickness. 

The boundaries of a surface are lines. 

5. A plane surface is one in which any two points 
being taken, the straight line between them lies wholly in 
that surface. 

A plane surface is frequently referred to simply as a plane. 

Note. Euclid regards a point merely as a mark of position^ and 
he therefore attaches to it no idea of size and shape. 

Similarly he considers that the properties of a line arise only from 
its length and position^ without reference to that minute breadth which 
every line must really have if actually drawn^ even though the most 
perfect instruments are used. 

The definition of a surface is to be understood in a similar way. 

1 


H. E. 
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6. A plane angle is tho inclination of two straight 
lines to one anotlier, which meet together, but are not in 
the same straight line. 

The point at which the straight linos meet is called the vertex of 
the angle, and the straight lines themselves the arms of the angle. 

When several angles are at one point O, any one 
of them is expressed by three letters, of which the 
letter that refers to tho vertex is put between tho 
other two. Thus if the straight lines OA, OB, OC 
meet at the point O, the angle contained by the 
straight lines OA, OB is named the angle AOB or 
BOA ; and the angle oontained by OA, OC is named 
the angle AOC or COA. Similarly the angle con- 
tained by OB, OC is referred to as the angle BOC 
or COB. But if there be only one angle at a point, 
it may be expressed by a single letter, as the angle 
at O. 

Of the two straight lines OB, OC shewn in the 
adjoining figure, we recognize that OC is more in- 
clined than OB to the straight line OA : this we 
express by saying that tho angle AOC is greater 
than the angle AOB. Thus an angle must bo 
regarded as having magnitude. 

It should be observed that the angle AOC is the sum of the 
angles AOB and BOC; and that AOB is the difference of the angles 
AOC and BOC. 

The beginner is cautioned against supposing that the size of an 
angle is altered either by increasing or ^minishing the length of its 
arms. 

[Another view of an angle is recognized in many branches of 
mathematics ; and though not employed by Euclid, it is here given 
because it furnishes more clearly than any other a conception of wliat 
is meant by the magnitude of an angle. 

Suppose that the straight line OP in the figure 
is capable of revolution about the point O, like the 
hand of a watch, but in the opposite direction ; and 
suppose that in this way it has passed sucoessively 
from the position OA to the positions occupied by 
OB and OC. 

Such a line must have undergone more turning 
in passing from OA to OC, than in passing from OA to OB; and 
consequently the angle AOC is said to be greater than the angle AOB.] 
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7. When a straight line standing on 
another straight line makes the adjacent 
angles equal to one another, each of the an- 
gles is called a right angle ; and the straight 
line which stands on the other is called a 
perpendicular to it. 

8. An obtuse angle is an angle which 
IS greater than one right angle, but less 
than two right angles. 

9. An acute angle is an angle which is 
less than a right angle. 


I 



[In the adjoining figure the straight line 
OB may be supposed to have arrived at 
its present position, from the position occu- 
pied by OA, by revolution about the point O 
in either of the two directions indicated by 
the arrows : thus two straight lines drawn 
from a point may be considered as forming 
two angles, (marked (i) and (ii) in the figure) 
of which the greater (ii) is said to be reflex. 

If the arms OA, OB are in the same 
straight line, the angle formed by them BOA 
on either side is called a straight angle.] 

10. Any portion of a plane surface bounded by one 
or more lines, straight or curved, is called a plane figure. 

The sum of the bounding lines is called the perimeter of tlio figure. 

Two figures are said to be equal in area, when they enclose equal 
portions of a plane surface. , 

11. A circle is a plane figure contained 
by one line, which is cabed the circum- 
ference, and is such that all straight lines 
drawn from a certain point within the 
figure to the circumference are equal to one 
another : this point is called the centre of 
the circle. 

A radius of a circle is a straight line drawn from the 
centre to the circumference. 




1 — 
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12. A diameter of a circle is a straight line drawn 
through the centre, and terminated both ways by the 
circumference. 

13. A semicircle is the figure bounded by a diameter 
of a circle and the part of the circumference cut off by the 
diameter. 

14. A segment of a circle is the figure bounded by 
a straight line and tlie part of the circumference which it 
cuts off. 


15. Rectilineal figures are those which are bounded 
by straight lines. 

16. A triangle is a plane figure bounded by three 
straiglit lines. 

Any one of the angular points of a triangle may be regarded as its 
vertex; and the opposite side is then called the base. 

17. A quadrilateral is a plane figure bounded by 
four straight lines. 

The straight line which joins opposite angular points in a quadri- 
lateral is called a diagonal. 

18. A polygon is a plane figure bounded by more 
than four straight lines. 

19. An equilateral triangle is a trif ingle 
whose three sides are equal. 



20. An isosceles triangle is a triajigle tw 
of whose sides arc equal. 



21. A scalene triangle is 
bas three unequal sides. 


a triangle which 
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22. A right>angled triangle is a triangle 
which has a right angle. 


The side opposite to the right angle in a right-angled triangle is 
called the hypotenuse. 

23. An obtuse-angled triangle is a 

triangle which has an obtuse angle. 

24. An acute-angled triangle is a triangle 
which has three acute angles. 

[It will be seen hereafter (Book I. Proposition 17 ) that every 
triangle must have at least two acute angles.^ 

25. Parallel straight lines are such as, being in the 
same plane, do not meet, however far they are produced in 
either direction. 

26. A Parallelogram is a four-sided 
figure which has its opposite sides pa- 
rallel. 


27. A rectangle is a parallelogram which 
has one of its angles a right angle. 

28. A square is a four-sided figure which 
has all its sides equal and all its angles right 
angles. 

[It may easily be shewn that if a quadrilateral 
has all its sides equal and one angle a right angle, 
then all its angles will be right angles.] 

29. A rhombus is a four-sided figure 
which has all its sides equal, but its 
angles are not right angles. 


30. A trapezium is a four-sided figure 
which has tux) of its sides parallel. 
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ON THE POSTULATES. 

In order to effect the constructions necessary to the study of 
geometry, it must be supposed that certain instruments are 
available; but it has always been held that such instruments 
should be as few in number, and as simple in character as 
possible. 

For the jiurposes of the first Six Books a straight ruler and 
a pair of compasses are all that are needed ; and in the follow- 
ing Postulates, or requests, Euclid demands the use of such 
instruments, and assumes that they suffice, theoretically as well 
as practically, to carry out the processes mentioned below. 


Postulates. 


Tjet it be granted, ' 

1. That a straight line may be drawn from any one 
point to any other point. 

When we draw a straight line from the point A to the point B, we 
are said to join AB. 

2. That ^ fi'ivite, that is to say, a terminated straight 
line may be produced to any length in that straight line. 

3. That a circle may be described from any centre, at 
any distance from that centre, that is, with a radius equal 
to any finite straight line drawn from the centre. 

It is important to notice that the Postulates include no means of 
direct measurement: hence the straight ruler is not supposed to be 
graduated ; and the compasses, in accordance with Euclid’s use, are 
not to be employed for transferring distances from one part of a figure 
to another. 


ON THE AXIOMS. 

The science of Geometry is based upon certain simple state- 
ments, the truth of which is assumed at the outset to be self- 
evident. 

Those self-evidout truths, called by Euclid Common Notions^ 
are now known as the Axioms. 
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The necessary characteristics of an Axiom are 

(i) That it should be %elf -evident; that is, that its truth 
should be immediately accepted without proof. 

(ii) That it should be fundamental; that is, that its truth 
should not be derivable from any other truth more simple than 
itself: 

e That it should supply a basis for the establishment of 
‘ truths. 

These characteristics may be summed up in the following 
definition. 

Definition. An Axiom is a self-evident truth, which neither 
requires nor is capable of proof, but which serves as a founda- 
tion for future reasoning. 

Axioms are of two kinds, general and geometrical. 

General Axioms apply to magnitudes of all kinds. Geometri- 
cal Axioms refer exclusively to geometrical magnitudes^ such as 
have been already indicated in the definitions. 

General Axioms. 

1 . Things which are equal to the same thing are equal 
to one another. 

2. If equals be added to equals, the wholes are equal. 

3. If equals be taken from equals, the remainders are 
equal. 

4. If equals be added to unequals, the wholes are un- 
equal, the greater sum being that which includes the greater 
of the unequals. 

6. If equals be taken from unequals, the remainders 
are unequal, the greater remainder being that which is left 
from the greater of the unequals. 

6. Things which are double of the same thing, or 
of equal things, are equal to one another. 

7. Things which are halves of the same thing, or of 
equal things, are equal to one another. 

9.* The whole is greater than its part. 

* To preserve the claBsifioation of general an^ geometrical axioms, 
we have placed Euclid’s ninth axiom before the eiahth. 
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Geometrical Axioms. 

8. Magnitudes which can be made to coincide with one 
another, are equal. 

This axiom affords the ultimate test of the equality of two geome- 
trical magnitudes. It implies that any line, angle, or figure, may ^ 
supposed to bo taken up from its position, and without change in 
size or form, laid down upon a second line, angle, or figure, for the 
purpose of comparison. 

This process is called superpositton, and the first magnitude is 
said to be applied to the other. 

10. Two straight lines cannot enclose a space. 

11. All right angles are equal. 

[The statement that all right angles are equal, admits of proof, 
and is therefore perhaps out of place as an Axiom.] 

12. If a straight line meet two straight lines so as to 
make the interior angles on one side of it together less 
than two right angles, these straight lines will meet if con- 
tinually produced on the side on which are the angles whicli 
are together less than tAvo right angles. 

That is to say, if the two straight 
lines AB and CD are met by the straight 
line EH at F and G, in such a way that 
the angles BFG, DGF are together less 
than two right angles, it is assorted that 
AB and CD will meet if continually pro- 
duced in the direction of B and D. 


[Axiom 12 has been objected to on the double ground that it cannot 
be considered self-evident, and that its truth may be deduced from 
simpler principles. It is employed for the first time in the 29th Pro- 
position of Book I, where a short discussion of the difficulty will be 
found. 

The converse of this Axiom is proved in Book I. Proposition 17.] 




INTRODUCTORY. 


INTRODUCTORY. 


Plane Geometry deals with the properties of all lines and 
figures that may be drawn upon a plane surface. 

Euclid in his first Six Books confines himself to the properties 
of straight lines, rectilineal figures, and circles.' 

The Definitions indicate the subject-matter of these books: 
the Postulates and Axioms lay down the fundamental principles 
which regulate all investigation and argument relating to this 
subj ect-matter. 

Euclid’s method of exj^osition divides the subject into a 
number of separate discussions, called propositions; each pro- 
position, though in one sense complete in itself, is derived from 
results previously obtained, and itself leads up to subsequent 
propositions. 

Propositions are of two kinds. Problems and Theorems. 

A Problem proposes to effect some geometrical construction, 
such as to draw some particular line, or to construct some re- 
quired figure. 

A Theorem proposes to demonstrate some geometrical truth. 

A Proposition consists of the following parts : 

The General Enunciation, the Particular Enunciation, the 
Construction, and the Demonstration or Proof. 

(i) The General Enunciation is a preliminary statement, 
describing in general terms the purpose of the proposition. 

In a problem the Emmeiation states the construction which 
it is proposed to effect: it therefore names first the Data, or 
things given, secondly the QuSBSita, or things required. 

In a theorem the Enunciation states the pro^rty which it 
is proposed to demonstrate : it names first, the Hypothesis, or 
the conditions assumed ; secondly, the Conclusion, or the asser- 
tion to be proved. 
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(ii) The Particular Enunciation repeats in special terms 
the stetement already made, and refers it to a diagram, which 
enables the reader to follow the reasoning more easily. 

(iii) The Oonstruction then directs the drawing of such 
straight lines and circles as may be required to effect the purpose 
of a problem, or to prove the truth of a theorem. 

(iv) Lastly, the Demonstration proves that the object pro- 
posed in a problem has been accomplished, or that the property 
stated in a theorem is true. 

Euclid’s reasoning is said to be Deductive, because by a con- 
nected chain of ar^ment it deduces now truths from truths 
already proved or admitted. 

The initial letters q.e.f., ])laced at the end of a problem, 
stand for Quod erat Faciendum, which was to he done. 

The letters Q. E. D. are appended to a theorem, and stand for 

Quod erat Demonstrandum, which was to he proved. 

A Oorollary is a statement the truth of which follows readily 
from an established proposition ; it is therefore appended to the 
])roposition as an inference or deduction, which usually requires 
no further proof. 

The following symbols and abbreviations may be employed 
in writing out the propositions of liook L, though their use is not 
recommended to beginners. 

.*. for therefore, par’ (or li) for parallel, 

= „ is, or are, equal to, par® „ parallelogram, 

^ „ angle, sq. „ square, 

rt. L „ right angle, rectil. „ I'ectilineal, 

A „ triangle, st. line „ straight line, 

perp. „ perpendicular, l^t. „ point; 

and all obvious contractions of words, such as opp., adj., diag., 
&c., for opposite, adjacent, diagonal, &c. 
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SECTION 1. 


Proposition 1. Problem. 


To describe 
straight line. 


an equilateral 


triangle on a given finite 



Let AB be the given straight line. 

It is required to describe an equilateral triangle on AB. 
Construction. From centre A, with radius AB, describe 
the circle BCD. Post. 3. 

From centre B, with radius BA, describe the circle ACE. 

Post. 3. 

From the point C at which the circles cut one another, 
draw the straight lines CA and CB to the points A and B. 

Post. 1. 

Then shall ABC be an equilateral triangle. 

Proof. Because A is the centre of the circle BCD, 

therefore AC is equal to AB. Def. 11. 

And because B is the centre of the circle ACE, 

therefore BC is equal to BA. Def. 11. 

But it has been shewn that AC is equal to AB ; 
therefore AC and BC are each equal to AB. 

But things which are equal to the same thing are equal 
to one another. Ax. 1. 

Therefore AC is equal to BC. 

Therefore CA, AB, BC are equal to one another. 
Therefore the triangle ABC is equilateral ; 
and it is described on the given straight line AB. q.e.p. 
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Proposition 2. Problem. 

From a given point to draw a straight line equal to a 
given straight line. 



Let A be tlie given point, and BC tlie given straight line. 
It is required to draw from the point A a straight line 
equal to BC. 

Construction. JoinAB; Poefi. 

and on AB describe an equilateral triangle DAB. i. 1. 
From centre B, with radius BC, describe the circle CGH. 

Post. 3. 

Produce DB to meet the circle CGH at G. Post. 2. 
From cehtre D, witli radius DG, describe the circle GKF. 

Produce DA to meet the circle GKF at F. Post. 2. 
Then AF shall be equal to BC. 

Proof. Because B is the centre of the circle CGH, 

therefore BC is equal to BG. Def. 11. 

And because D is the centre of the circle GKF, 

therefore DF is equal to DG ; Def. 11. 

and DA, DB, parts of them are equal; Def. 19. 
therefore the remainder AF is equal to the remainder BG. 

Ax. 3. 

And it has been shewn that BC is equal to BG ; 
therefore AF and BC are each equal to BG. 

But things which are equal to the same thing are equal 
to one another. Ax. 1. 

Therefore AF is equal to BC ; 
and it has been drawn from the given point A. q. e. p. 

[This Proposition is rendered necessary by the restriction, tacitly 
imposed by Euclid, that compasses shall not be used to transfer 
distances.] 
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Proposition 3. Problem. 


From the greater of two given straight lines to cut off a 
part equal to the less. 



Let AB and C be the two given straight lines, of which 
AB is the greater. 

It is required to cut off from AB a part equal to C. 

Construction. From the point A draw tlie straight line 
AD equal to C ; I. 2. 

and from centre A, with radius AD, describe the circle DEF, 
meeting AB at E. Post. 3. 

Then AE shall be equal to C. 


Proof. Because A is the centre of the circle DEF, 

therefore AE is equal to AD. Def. 11. 

But C is equal to AD. Constr. 

Therefore AE and C are each equal to AD. 
Therefore AE is equal to C ; 

and it has been cut off from the given straight line AB. 

Q.E.F 


exercises. 


1. On a given straight line describe an isosceles triangle having 
each of the equal sides equal to a given straight line. 

VC 2. On a given base describe an isosceles triangle having each of 
the equal sides double of the base. 

In the figure of i. 2, if AB is equal to BC, shew that D, the 
vertex of tlie equilateral triangle, will fall on the circumference of the 
circle CGH. 
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Ohs, Every triangle has six parts, namely its three sides 
and three angles. 

Two triangles are said to be equal in all respects, when 
they can be made to coincide with one another by superposition 
(see note on Axiom 8), and in this case each part of the one is 
equal to a corresponding part of the other. 


Proposition 4. Theorem. 

If t too triangles have two sides of the one equal to two 
sides of the other^ each to eaoh^ and have also the angles 
contained hy those sides eqv/il ; then shall their bases or third 
sides be equals and the triangles shall he equal in arejiy and 
their remaining angles shall be equal, each to each, namely 
those to which the equal sides are opposite : that is to say, the 
triangles shall be equal in all respects. 



Let ABC, DEF be two triangles, which have the side AB 
equal to the side DE, the side AC equal to the side DF, and 
the contained angle BAC equal to the contained angle EOF. 
Then shall the base BC be equal to the base EF, and the 
triangle ABC shall be equal to tlie triangle DEF in area; 
and the remaining angles shall be equal, each to each, to 
which the equal sides are opposite, 

namely the angle ABC to the angle DEF, 
and the angle ACB to the angle DFE. 

For if the triangle ABC be applied to the triangle DEF, 
so that the point A may be on the point D, 
and the straight line AB along the straight line DE, 

then because AB is equal to DE, Hyp, 

therefore the point B must coincide with the point E. 
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And because AB falls along DE, 
and the angle BAG is equal to the angle EOF, Byp, 
therefore AC must fall along DF. 

And because AC is equal to DF, Byp, 

therefore the point C must coincide with the point F. 
Then B coinciding with E, and C with F, 
the base BC must coincide with the base EF ; 
for if not, two straight lines would enclose a space ; which 
is impossible. Ax. 10. 

Thus the base BC coincides with the base EF, and is 
therefore equal to it. Ax. 8. 

And the triangle ABC coincides with the triangle DEF, 
and is therefore equal to it in area. Ax. 8. 

And the remaining angles of the one coincide with the re- 
maining angles of the other, and are therefore equal to them, 
namely, the angle ABC to the angle DEF, 
and the angle ACB to the angle DFE. 

That is, the triangles are equal in all respects. q. b. d. 

Note. It follows that two triangles which are equal in their 
seyeral parts are equal also in area; but it should be observed that 
equality of area in two triangles does not necessarily imply equality in 
their several parts: that is to say, triangles may be equal in area, 
without being of the same tlvape. 

Two triangles which are equal in all respects have identity of form 
and magnitude^ and are therefore said to be identically equal, or 
congruent. 

The following application of Proposition 4 anticipates 
the chief difficulty of Proposition 5. 

In the equal sides AB, AC of an isosceles triangle 
ABC, the points X and Y are taken, so that AX 
is equal to AY ; and BY and CX are joined. 

Shew that BY is equal to CX. 

In the two triangles XAC, YAB, 

XA is equal to YA, and AC is equal to AB ; Hyp. 
that is, the two sides XA, AC are equal to the two 
sides YA, AB, each to each ; 
and the^ angle at A, which is contained by these 
sidas, is common to both triangles : 

therefore the triangles are equal in all respects; 
so that XC is equal to YB. 


A 



1.4. 

Q.E.D. 
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Piio POSITION 5. Theorem. 

llte angles at live base of an isosceles triangle are equal 
to one another ; and if tlie equal sides he produced^ the 
angles on the other side of the hose shall also he equal to one 
another. 


A 



Let ABC be an isosceles triangle, having the side AB 
ecjual to the side AC, and let the straight lines AB, AC be 
produced to D and E : 

then shall the angle ABC be equal to the angle ACB, 
and the angle CBD to the angle BCE. 

Construction, In BD take any point F ; 
and from AE the greater cut off AG equal to AF the less. i. 3. 
Join FC, GB. 

Proof. Then in the triangles FAC, GAB, 

1 FA is equal to GA, Constr. 

and AC is equal to AB, Hyp. 

also tlie contained angle at A is common to the 
two triangles ; 

therefore tlie triangle FAC is equal to the triangle GAB in 
all respects ; l. 4. 

that is, the base FC is equal to the base GB, 
and the angle ACF is equal to the angle ABG, 
also the angle AFC is equal to the angle AGB. 

Again, because the whole AF is equal to the whole AG, 
of which the parts AB, AC are equal. Hyp, 
therefore the remainder BF is equal to the remainder CG. 
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Then in the two triangles BFC, CQB, 

( BF is equal to CQ, Proved, 

and FC is equal to GB, Proved 

also the contained angle BFC is equal to the 
contained angle CGB, Proved. 

therefore the triangles BFC, CGB are equal in all respects; 
so that the angle FBC is equal to the angle GCB, 

and the angle BCF to the angle CBG. i. 4. 

Now it has been shewn that the whole angle ABG is equal 
to the whole angle ACF, 

and that parts of these, namely the angles CBG, BCF, are 
also equal ; 

therefore the remaining angle ABC is equal to the remain- 
ing angle ACB ; 

and these are the angles at the base of the triangle ABC. 
Also it has been shewn that the angle FBC is equal to the 
angle GCB ; 

and these are the angles on the other side of the base, q.e.d. 

Corollary. Hence if a triangle is equilateral it is 
also equiangular. 


EXERCISES. 

1. AB is a given straight line and C a given point outskloit ; shew 
how to find any points in AB such that their distance fiuiii C shall be 
equal to a given length L. Can such points always be found ? 

2. If the vertex C and one extremity A of the base of an isosceles 
triangle are given, find the other extremity B, supposing it to lie on a 
given straight line PQ. 

3. Describe a rhombus having given two opposite angular points 
A and C, and the length of each swe. 

4. AMNB is a straight line ; on AB describe a triangle ABC such 
that the side AC shall be equal to AN and the side BC to MB. 

6. In Prop. 2 the point A may be joined to either extremity of BC. 
Draw the figure and prove the proposition in the case when A is joined 
to C. 


H. E. 


2 
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The following proof ie Bometimes given as a Bubstitate for the first 
part of Proposition 5 : 

Proposition 5. Alternative Proof. 

A A 


B C C' B’ 

Let ABC be an isosoeles triangle^ having AB equal to AC : 
then shall the angle ABC be equal to the angle ACB. 

Suppose the triangle ABC to be taken up, turned over and laid down 
again in the position A'B'C', where A'B', A'C', B'C' represent the 
now positions of AB, AC, BC. 

Then A'B’ is equal to A'C' ; and A'B' is AB in its new position, 
therefore AB is equal to A'C' ; 
in the same way AC is equal to A'B' ; 
and the included angle BAC is equal to the included angle C'A'B', for 
they are the same angle in different positions ; 
therefore the triangle ABC is equal to the triangle A'C'B' in all respects ; 
so that the angle ABC is equal to the angle A'C'B'. i. 4. 
But the angle A'C'B' is the angle ACB in its new position ; 
therefore the angle ABC is equal to the angle ACB. 

Q.E.D. 

EXERCISES. 

Chiefly on Propositions 4 and 5. 

1. Two circles have the same centre O ; OAD and OBE are straight 
lines drawn to cut the smaller circle in A and B and the larger circle 
in D and E : prove that 

(i) AD = BE. (ii) DB = EA. 

(iii) The angle DAB is equal to the angle EBA. 

(iv) The angle ODB is equal to the angle OEA. 

2. ABCD is a square, and L, M, and N are the middle points of 
AB, BC, and CD : prove that 

(i) LM = MN. (ii) AM = DM. 

(iii) AN = AM. (iv) BN = DIV1. 

[Draw a separate figure in each case.] 
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8. O is the centre of a circle and OA, OB are radii ; OM divides 
the angle AOB into two equal parts and cuts the line AB in M : prove 

that AM=:BM. 

4. ABCy DBG are two isosceles triangles described on the same 
base BC but on opposite sides of it: prove that the angle ABD is 
equal to the angle ACD. 

5. ABC, DBG are two isosceles triangles described on the same 
base BC, but on opposite sides of it : prove that if AD be joined, each 
of the angles BAG, BDG will be divided into two equal parts. 

6. PQR, 8QR are two isosceles triangles described on the same 
base QR, and on the same side of it : shew that the angle PCS is 
equal to the angle PRS, and that the line PS divides the angle 
QPR into two equal parts. 

7. If in the figure of Exercise 5 the line AD meets BC in E, prove 
that BE=:EC. 

8. ABCD is a rhombus and AC is joined : prove that the angle 
DAB is equal to the angle DCB. 

9. ABCD is a quadrilateral having the opposite sides BC, AD 
equal, and also the angle BCD equal to the angle ADC : prove that 
BD is equal to AC. 

10. AB, AC are the equal sides of an isosceles triangle ; L, M, N 
are the middle points of AB, BC, and CA respectively: prove that 

LM = MN. 

Prove also that the angle ALM is equal to the angle ANM. 

Definition. Each of two Theorems is said to be the Con- 
verse of the other, when the hypothesis of each is the conclusion 
of the other. 

It will be seen, on comparing the hypotheses and conclusions of 
Props. 5 and 6, that each proposition is the converse of the other. 

Note. Proposition 6 furnishes the first instance of an indirect 
method of proofs frequently used by Euclid. It consists in shewing 
that an absurdity must result from supposing the theorem to be 
otherwise than true. This form of demonstration is known as the 
ReducUo ad Ahsurdum, and is most commonly employed in establish- 
ing the converse of some foregoing theorem. 

It must not bo supposed that the converse of a true theorem is 
itself necessarily true : for instance, it w ill be seen from Prop. 8, Cor. 
that if two triangles have their sides equal, each to each, then their 
angles will also be equal, each to each ; but it may easily be shewn by 
means of a figure that the converse of this theorem is not necessarily 
true. 


2—2 
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kuclid’s elements. 


Proposition 6. Theorem. 

If two angha of a triangle he equal to one another j then 
the mdes also which svhtendy or are opposite tOy the equal 
angles^ shall he equal to one another. 



Let ABC be a triangle, having the angle ABC equal to 
the angle ACB : 

then shall the side AC be equal to the side AB. 


Construction. For if AC be not equal to AB, 
one of them must be greater than the other. 

If possible, let AB be the greater; 
and from it cut off BD equal to AC. I. 3. 

Join DC. 


Proof. Then in the triangles DBC, ACB, 

I DB is equal to AC, Constr. 

and BC is common to both, 
also the contained angle DBC is equal to the 

contained angle ACB ; Hyp, 

therefore the tnangle DBC is equal in area to the triangle 
ACB, 1,^4. 

the part equal to the whole ; which is absurd. Ax. 9. 

Therefore AB is not unequal to AC ; 

that is, AB is equal to AC. Q.E.D. 

Corollary. Hence if a triangle is equiangular it is 
also equilateral. 
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Proposition 7. Theorem. 

On the same hase^ and on the same side of it^ there 
ea/nnot he two triangles lutmng their sides which are termi- 
nated at one extre/mity of the hose equal to one another, and 
likewise those which are terminated at the other extremity 
equal to one another. 



If it be possible, on the same base AB, and on the same 
side of it, let there be two triangles ACB, ADB, having their 
sides AC, AD, which are terminated at A, equal to one 
another, and likewise their sides BC, BD, which are termi- 
nated at B, equal to one another. 

Case I. When the vertex of each triangle is without 
t)ie other triangle. 

Construction, Join CD. Post. 1. 

Proof Then in the triangle ACD, 

because AC is equal to AD, Hyp. 

therefore the angle ACD is equal to the angle ADC. 1.5. 

But the whole angle ACD is greater than its part, the 
angle BCD, 

therefore also the angle ADC is greater than the angle BCD ; 
still more then is the angle BDC greater than the angle 
BCD. 

Again, in the triangle BCD, 
because BC is equal to BD, Hyp. 

therefore the angle BDC is equal to the angle BCD: i. 5 
but it was shewn to be greater ; which is impossible. 
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Euclid’s elehbxts. 


Case II. When one of the vertices, as D, is within 
the other triangle ACB. 



Co7t8truction, As before, join CD ; Post, 1. 

and produce AC, AD to E and F. Post, 2. 
Then in the triangle ACD, because AC is equal to AD, Hyp, 
therefore the angles ECD, FDC, on the other side of the 
base, are equal to one another. I. 5. 

But tlie angle ECD is greater than its part, the angle BCD; 
therefore the angle FDC is also greater than the angle 
BCD: 

still more then is the angle BDC greater than the angle 
BCD. 

Again, in the triangle BCD, 
because BC is equal to BD, 

therefore the angle BDC is equal to the angle BCD : I. 5. 
but it has been sliewn to be greater ; which is impossible. 

The case in which the vertex of one triangle is on a 
side of the other needs no demonstration. 

Therefore AC cannot be equal to AD, and at the same 
time, BC equal to BD. Q.E.D. 

Note. The sides AC, AD are called conterminouB sides ; similarly 
the sides BC, BD are conterminous. 


Proposition 8. Theorem. 

If two triangles have two sides of the one equal to two 
»ides of the other, eowh io each, and lhave likewise their hoses 
equal, tJwn the angle which is contained hy the two sides of 
the one shall he equal to the angle which is contained hy 
the two sides of the otl^er. 
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Let ABC, DEF be two triangles, having the two sides 
BA, AC equal to the two sides ED, DF, each to each, namely 
BA to ED, and AC to DF, and also the base BC equal to the 
base EF: 

then shall the angle BAC be equal to the angle EDF. 

Proof. For if the triangle ABC be applied to the 
triangle DEF, so that the point B may be on E, and the 
straight line BC along EF ; 

then because BC is equal to EF, Ilyp. 

therefore the point C must coincide with the point F. 

Then, BC coinciding with EF, 
it follows that BA and AC must coincide with ED and DF : 
for if not, they would have a different situation, as EG, G F : 
then, on the same base and on the same side of it there 
would be two triangles having their conterminous sides 
equal. 

But this is impossible. i. 7. 

Therefore the sides BA, AC coincide with the sides ED, DF. 
That is, the angle BAC coincides with the angle EDF, and is 
therefore equal to it. Ax. 8. 

Q. E. D. 

Note. In this Proposition the three sides of one triangle are 
given equal respectively to the three sides of the other; and from 
this it is shewn that the two triangles may be made to coincide with 
one another-. 

Hence we are led to the following important Corollary. 

Corollary, If in two triomgles the three sides of th^ 
one ore equal to the three sides of the otlwr, eaxh to each^ 
then the triangles are equal in all respects. 
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The following proof of Prop. 8 is worthy of attention as it is inde- 
pendent of Prop. 7, which frequently presents difficulty to a beginner. 


Proposition 8. Alternative Proof. 


A p 



Let ABC and DEF be two triangles, which have the sides BA, AC 
equal respectively to the sides ED, DF, and the base BC equal to the 
base EF : 

then shall the angle BAC be equal to the angle EDF. 

For apply the triangle ABC to the triangle DEF, so that B may 
fall on E, and BC along EF, and so that the point A may be on the 
side of EF remote from D, 

then C must fall on F, since BC is equal to EF. 

Let A'EF be the new position of the triangle ABC. 

If neither DF, FA' nor DE, EA' are in one straight line, 
join DA'. 

Cask I. When DA' intersects EF. 

Then because ED is equal to EA', 
therefore the angle EDA' is equal to the angle EA'D. i. 5. 

Again because FD is equal to FA', 
therefore the angle FDA' is equal to the angle FA'D. i. 5. 

Hence the whole angle EDF is equal to the whole angle EA'F ; 
that is, the angle EDF is equal to the angle BAC. 

Two oases remain which may be dealt with in a similar manner: 
namely, 

Case II. When DA' meets EF produced. 

Case III. When one pair of sides, as DF, FA', are in one straight 
line. 
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Proposition 9. Problem. 

To bisect a given angle^ that is, to divide it into two equal 
pa/rts. 


A 



Let BAG be the given angle : 
it is required to bisect it. 

Construction, In AB take any point D; 

and from AC cut off AE equal to AD. i. 3. 

Join DE; 

and on DE, on the side remote from A, describe an equi- 
lateral triangle DEF. i. 1. 

Join AF. 

Then shall the straight line AF bisect the angle BAG. 

Proof, For in the two triangles DAF, EAF, 

I DA is equal to EA, Constr, 

and AF is common to both; 
and the third side DF is equal to the third side 
EF; Def 19. 

therefore the angle DAF is equal to the angle EAF. i. 8. 
Therefore the given angle BAG is bisected by the straight 
line AF. Q.E.F. 


EXERCISES. 

1. If in the above figure the equilateral triangle DFE were de- 
scribed on the same side of DE as A, what different cases would arise? 
And under what circumstances would the construction fail? 

2. In the same figure, shew that AF also bisects the angle DFE. 

8. Divide an angle into four equal parts. 
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Proposition 10. Problem. 

To bisect a given finite straight line, that is, to divide it 
into two equal parts. 



Let AB be the given straight line : 
it is required to divide it into two equal parts. 

Constr, On AB describe an equilateral triangle ABC, i. 1. 
and bisect the angle ACB by the straight line CD, meeting 
AB at D. I. 9. 

Then shall AB be bisected at the point D. 

Proof, For in the triangles ACD, BCD, 

1 AC is equal to BC, Def 19. 

and CD is common to both; 
also the contained angle ACD is equal to the con- 
tained angle BCD; Constr, 

Therefore the triangles are equal in all respects; 
so that the base AD is equal to the base BD. i. 4. 
Therefore the straight line AB is bisected at the point D. 

Q.E.F. 


EXERCISES. 

1. Shew that the straight line which bisects the vertical angle of 
an isosoeleB triangle, also bisects the base. 

2. On a given base describe an isosceles triangle such that the 
sum of its equal sides may be equal to a given straight line. 
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Proposition 11. Problem. 

To draw a straight line at right omgUs to a given straight 
line^from a given point in the same. 


F 



B 


Let AB be the given straight line, and C the given 
point in it. 

It is required to draw from the point C a straight line 
at right angles to AB. 

Construction. In AC take any point D, 

and from CB cut off CE equal to CD. i. 3. 

On DE describe the equilateral triangle DFE. i. 1. 
Join CF. 

Then shall the straight line CF be at right angles to AB. 

Proof. For in the triangles DCF, ECF, 

DC is equal to EC, Constr. 

and CF is common to both ; 
and the third side DF is equal to the third side 
EF; Def. 19. 

Therefore the angle DCF is equal to the angle ECF: i. 8. 
and these are adjacent angles. 

But when a straight line, standing on another straight 
line, makes the adjacent angles equal to one another, each 
of these angles is called a right angle; Def. 7. 

therefore each of the angles DCF, ECF is a right angle. 
Therefore CF is at right angles to AB, 
and has been drawn from a point C in it. q.e.f. 

EXERCISE. 

In the figure of the above proposition, shew that any point in 
FC, or FC produced, is equidistant from D and E. 
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Proposition 12. Problem. 

To draw a straight line perpendicular to a given straight 
line of unlimited lengthy from a given point without it, 

C 



Let AB be the given straight line, which may be pro- 
duced in either direction, and let C be the given point with- 
out it. 

It is required to draw from the point C a straight line 
perpendicular to AB. 

Construction, On the side of AB remote from C take 
any point D; 

and from centre C, with radius CD, describe the circle FDQ, 
meeting AB at F and G. Post, 3. 

Bisect FG at H ; 1. 10. 

and join CH. 

Then shall the straight line CH be perpendicular to AB. 
Join CF and CG. 

Proof, Then in the triangles FHC, GHC, 

( FH is equal to GH, Constr. 

and HC is common to both; 
and the third side CF is equal to the third side 
CG, being radii of the circle FDG ; Def, 11. 
therefore the angle CHF is equal to the angle CHG; i. 8. 

and these are adjacent angles. 

But when a straight line, standing on another straight 
line, makes the adjacent angles equal to one another, each 
of these angles is called a right angle, and the straight line 
which stands on the other is called a perpendicular to it. 

Therefore CH is a perpendicular drawn to the given 
straight line AB from the given point C without it. q.e.p. 

Notb. The given straight line AB must be of unlimited length, 
that is, it must be capable of production to an indefinite length in 
either direction, to ensure its being intersected in two points by the 
circle FDG. 
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EXERCISES ON PROPOSITIONS 1 TO 12. 

1. Shew that the straight line which joins the vertex of an 
isoaceles triangle to the middle point of the base is perpendicular 
to the base. 

2. Shew that the straight lines which join the extremities of the 
base of an isosceles triangle to the middle points of the opposite sides, 
are equal to one another. 

3. Two given points in the base of an isosceles triangle are equi- 
distant from the extremities of the base : shew that they are also equi- 
distant from the vertex. 

4. If the opposite sides of a quadrilateral are equal, shew that the 
opposite angles are also equal. 

5. Any two isosceles triangles XAB, YAB stand on the same base 
AB: shew that the angle XAY is equal to the angle XBY ; and that 
the angle AXY is equal to the angle BXY. 

6. Shew that the opposite angles of a rhombus are bisected by the 
diagonal which joins them. 

7. Shew that the straight lines which bisect the base angles of an 
isosceles triangle form with the base a triangle which is also isosceles. 

8. ABC is an isosceles triangle having AB equal to AC; and the 
angles at B and C are bisected by straight lines which meet at O : 
shew that OA bisects the angle BAC. 

9. Shew that the triangle formed by joining the middle points of 
the sides of an equilateral triangle is also equilateral. 

10. The equal sides BA, CA of an isosceles triangle BAC are pro- 
duced beyond the vertex A to the points E and F, so that AE is equal 
to AF; and FB, EC are joined : shew that FB is equal to EC. 

11. Shew that the diagonals of a rhombus bisect one another at 
right angles. 

12. In the equal sides AB, AC of an isosceles triangle ABC two 
points X and Y are taken, so that AX is equal to AY ; and CX and BY 
are drawn intersecting in O : shew that 

(i) the triangle BCC is isosceles ; 

(iij AO bisects the vertical angle BAC ; 

(iii) AO, if produced, bisects BC at right angles. 

IS. Describe an isosceles triangle, having given the base and the 
length of the perpendicular drawn from the vertex to the base. 

14. In a given straight line find a point that is equidistant from 
two given points. 

In what case is this impossible? 
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Peopobition 13. Thbobbm. 

If on6 straight line stand upon another straight line, 
then the adjacent angles shall he either two right a/ngUs, or 
together egual to two right angles. 

A E A 

I I / 


D B 0 D B C 

Let the straight line AB stand upon the straight line DC ; 
then the adjacent angles DBA, ABC shall be either two right 
angles, or together equal to two right angles. 

Case I. For if the angle DBA is equal to the angle ABC, 
each of them is a right angle. Def 7, 

Case II. But if the angle DBA is not equal to the 
angle ABC, 

from B draw BE at right angles to CD. i. 11. 
Proof Now the angle DBA is made up of the two 
angles DBE, EBA; 

to each of these equals add the angle ABC; 
then the two angles DBA, ABC are together equal to the 
three angles DBE, EBA, ABC. Ax. 2. 

Again, the angle EBC is made up of the two angles EBA, 
ABC; 

to each of these equals add the angle DBE. 

Then the two angles DBE, EBC are together equal to the 
three angles DBE, EBA, ABC. Ax. 2. 

But the two angles DBA, ABC have been shewn to be equal 
to the same three angles ; 

therefore tlie angles DBA, ABC are together equal to the 
angles DBE, EBC. Ax. 1. 

But the angles DBE, EBC are two right angles; Constr. 
therefore the angles DBA, ABC are together equal to two 
right angles. q*e.d. 
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Definitions. 

(i) The complement of an acute angle is its defect from 
a right angle, that is, the angle by which it falls short of a right 
angle. 

Thus two angles are complementary, when their sum is a 
right angle. 

(ii) The supplement of an angle is its defect from two right 
angles, that is, the angle by which it falls short of two right 
angles. 

Thus two angles are supplementary, when their sum is two 
light angles. 

Corollary. Angles which are complementary or supple- 
menta/ry to the same angle are equal to one another. 


EXERCISES. 

1. If the two exterior angles formed by producing a side of a tri< 
angle both ways are equal, shew that the triangle is isosceles. 

2. The bisectors of the adjcxent angles which one straight line 
makes with another contain a right angle. 

Note. In the adjoining figure AOB 
is a given angle ; and one of its arms AO 
is produced to C: the adjacent angles 
AOB, BOO are bisected by OX, OY. 

Then OX and OY are called respect- 
ively the Internal and external bisectors 

of tne angle AOB. CO A 

Hence Exercise 2 may be thus enunciated : 

The internal and external bisectors of an angle are at right angles 
to one another. 

8. Shew that the angles AOX and COY are complementary. 

4. Shew that the angles BOX and COX are supplementary; and 
also that the angles AOY and BOY are supplementary. 




30 


EUCLID’S ELEMENTS. 


Proposition 14. Theorem. 

7/J at a point in a straight line, two other straight lines, 
on opposite sides of it, make the cwfjacent angles together 
equal to two right angles, then these two straight lines shall 
he in one and the same straight line, 

A 


E 

C B 5 

At the point B in the straight line AB, let the two 
straight lines BC, BD, on the opposite sides of AB, make 
the adjacent angles ABC, ABD together equal to two right 
angles : 

then BD shall be in the same straight line with BC. 
Vroof For if BD be not in the same straiglit line with BC, 
if possible, let BE be in the same straight line with BC. 

Then because AB meets the straight lino CBE, 
therefore the adjacent angles CBA, ABE are together equal 
to two right angles. I. 13. 

But the angles CBA, ABD are also together equal to two 
right angles. i^yp- 

Therefore the angles CBA, ABE are together equal to the 
angles CBA, ABD. Ax. 11. 

From each of these equals take the common angle CBA; 
then the remaining angle ABE is equal to the remaining angle 
ABD; the piirt equal to the whole; wliich is impossible. 
Therefore BE is not in the same straight line with BC. 

And in the same way it may be shewn that no other 
line but BD can be in the same straight line with BC. 
Therefore BD is in the same straight line with BC. q.e.d. 

EXERCISE. 

ABCD is a rhombus; and the diagonal AC is bisected at O. If O 
is joined to the angular points B and D ; show that OB and OD are 
in one straight line. 
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Ohs, When two straight lines intersect at a point, four 
angles are formed; and any two of these angles which are not 
adjacent^ are said to be vertically opposite to one another. 


Proposition 15. Theorem. 

If two straight lines intersect one another, then the vertically 
opposite angles shall he equal, 

B 

C E 5 

A 

Let the two straight lines AB, CD cut one another at 
the point E : 

then shall the angle AEG be equal to the angle DEB, 
and the angle CEB to the angle AED 

Proof, Because AE makes with CD the adjacent aneles 
CEA, AED, 

therefore these angles are together equal to two right 
anglea 1 . 13. 

Again, because DE makes with AB the adjacent angles AED, 

DEB, 

therefore these also are together equal to two right angles. 
Therefore the angles CEA, AED are together equal to the 

angles AED, DEB. 

From each of these equals take the common angle AED ; 
then the remaining angle CEA is equal to the remaining 

angle DEB. Ax, 3. 

In a similar way it may be shewn that the angle CEB 
is equal to the angle AED. q. e. d. 

Coroll ART 1. From this it is manifest that, if two 
straight lines cut one another, the angles which they make 
at the point wliere they cut, are together equal to four right 
angles. 

Corollary 2. Consequently, when any number of straight 
lines meet at a point, the sum of the angles made by con- 
secutive lines is equal to four right angles. 


II. E. 


3 
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Proposition 16. Theorem. 

If <ym side of a triangle he froducedy then the exterior angle 
shall be greater than either of the interior opposite angles. 


D 


Let ABC be a triangle, and let one side BC be produced 
to D : then shall the exterior angle ACD be greater than 
either of the interior opposite angles CBA, BAG. 

Construction, Bisect AC at E : i. 10. 

Join BE j and produce it to F, making EF equal to BE. i. 3. 

Join EC. 

Proof Then in the triangles AEB, CEF, 

AE is equal to CE, Constr, 

and EB to EF ; Constr, 

also the angle AEB is equal to the vertically 
opposite angle CEF ; I. 15. 

therefore the triangle AEB is equal to the triangle CEF in 
all respects : i. 4. 

so that the angle BAE is equal to the angle ECF. 

But the angle ECD is greater than its part, the angle ECF ; 
therefore the angle ECD is gi’eater than the angle BAE; 
that is, the angle ACD is greater than the angle BAG, 

In a similar way, if BC be bisected, and the side AC 
produced to Q, it may be shewn that the angle BCQ is 
greater than the angle ABC. 

But the angle BCQ is equal to the angle ACD: 1 . 15. 
therefore also the angle ACD is greater than the angle ABC. 

Q.E.D. 


Because 
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Proposition 17. Theorem. 


Any two angles of a tricmgh are together less than two 
right angles. 



D 


Let ABC be a triangle: then shall any two of its angles, as 
ABC, ACB, be together less than two right angles. 
Construction, Produce the side BC to D. 

Proof, Then because ACD is an exterior angle of the 
triangle ABC, 

therefore it is greater than the interior opposite angle 
ABC. I. 16. 

To each of these add the angle ACB : 
then the angles ACD, ACB are together greater than the 
angles ABC, ACB. Ax, 4. 

But the adjacent angles ACD, ACB are together equal to 
two right angles. i. 13. 

Therefore the angles ABC, ACB are together less than two 
right angles. 

Similarly it may be shewn that the angles BAG, ACB, as 
also the angles CAB, ABC, are together less than two right 
angles. q. e. d. 


Note. It follows from this Proposition that every triangle must 
have at least two acute angles : for if one angle is obtuse, or a right 
angle, each of the other angles must be less than a right angle. 


EXERCISES. 

1. Enunciate this Proposition so os to shew that it is the conrerse 
of Axiom 12. 

2. If any side of a triangle is produced both ways, the exterior 
angles so formed are together greater than two right angles. 

8. Shew how a proof of Proposition 17 may be obtained by 
joining each vertex in turn to any point in the opposite side. 
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Proposition 18. Theorem. 

If one side of a tricmgle be greater than (mother^ then 
the angle opposite to the greater side shall he greater than 
the angle opposite to the less. 


A 



Let ABC be a triangle, in which the side AC is greater 
than the side AB : 

then shall the angle ABC be greater than the angle ACB. 
Construction. From AC, the greater, cut off a part AD equal 
to AB. I. 3. 

Join BD. 

Proof. Then in the triangle ABD, 

because AB is equal to AD, 

therefore the angle ABD is equal to the angle ADB. I. 5. 

But tlie exterior angle ADB of the triangle BDC is 

greater than the interior opposite angle DCB, that is, 
greater than the angle ACB. I. 16. 

Therefore also the angle ABD is greater than the angle ACB; 
still more then is the angle ABC greater than the angle 
ACB. Q.E.D. 


Euclid enunciated Proposition 18 as follows: 

The greater side of every triangle has the greater angle 
opposite to it. 

[This form of enunciation is found to be a common source of diffi- 
culty with beginners, who fail to distinguish what is assumed in it and 
what is to be proved.] 


[For Exercises see page 38.] 
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Proposition 19. Theorem. 

If one a'ixgh of a triangle he greater than (mother, then 
the side opposite to the grecUer angle shall he greater than 
the side opposite to the less. 

A 


B 

Let ABC be a triangle in which the angle ABC is greater 
than the angle ACB : 

then shall the side AC be greater tlian the side AB. 
Proof For if AC be not greater than AB, 

it must be either equal to, or less than AB. 

But AC is not equal to AB, 

for then the angle ABC would be equal to the angle ACB; i. 5. 

but it is not. ddyp- 

Neither is AC less thun AB ; 

for then the angle ABC would be less than the angle ACB ; i.l8. 

but it is not : Hyp- 

Therefore AC is neither equal to, nor less than AB. 

That is, AC is greater than AB. q.e.1). 



Note. The mode of demonstration used in this Proposition is 
known as the Proof by Exhaustion. It is applicable to cases in which 
one of certain mutually exclusive supijositions must necessarily be 
true; and it consists in shewing the falsity of each of these supposi- 
tions in turn with one exception: hence the truth of the remaining 
supposition is inferred. 


Euclid enunciated Proposition 1 9 as follows : 

The greater angle of every triangle is subtended hy the 
greater side^ oVy has the greater side opposite to it, 

[For Exercises see page 38.] 



Euclid’s elements. 


Proposition 20. Theorem. 

Any two aides of a triangle a/re together greater than His 
third side. 


A 


B 

Let ABC be a triangle: 

then shall any two of its sides be together greater than the 
third side : 

namely, BA, AC, shall be greater than CB ] 

AC, CB greater than BA ; 
and CB, BA greater than AC. 

Construction. Produce BA to the point D, making AD equal 
to AC. I. 3. 

Join DC. 

Proof. Then in tlie triangle ADC, 

l)ecause AD is equal to AC, Constr. 

therefore the angle ACD is equal to the angle ADC. i. 5. 
But the angle BCD is greater than the angle ACD ; Ax. 9. 
therefore also the angle BCD is greater than the angle ADC, 
that is, than the angle BDC. 

And in the triangle BCD, 

because the angle BCD is greater than tlie angle BDC, Pr. 
therefore the side BD is greater than the side CB. i. 19. 

But BA and AC are together equal to BD ; 
therefore BA and AC are together greater than CB. 

Similarly it may be shewn 

that AC, CB are together greater than BA j 

and CB, BA are together greater than AC. q. e. d. 




C 


[For Exercises see page SB.j 
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Peoposition 21. Theorem. 

If from the ends of a side of a triangle^ there he drawn 
two straight lines to a point within the triangle^ then these 
stra/ight lirves shall be less than the other two sides of the 
triangle^ hut shall contain a greater angle. 


A 



Let ABC be a triangle, and from B, C, the ends of the 
side BC, let the two straight lines BD, CD be drawn to 
a point D within the triangle : 

then (i^ BD and DC shall be together less than BA and AC ; 
(ii) the angle BDC shall be greater than the angle BAC. 

Construction. Produce BD to meet AC in E. 

Proof (i) In the triangle BAE, the two sides BA, AE are 
together greater than the third side BE : i. 20. 

to each of these add EC ; 

then BA, AC are together greater than BE, EC. Ax. 4. 

Again, in the triangle DEC, the two sides DE, EC are to- 
gether greater than DC : i. 20. 

to each of these add BD ; 

then BE, EC are together greater than BD, DC. 

But it has been shewn that BA, AC are together greater 
than BE, EC : 

still more then are BA, AC greater than BD, DC. 

(ii) Again, the exterior angle BDC of the triangle DEC is 
greater than the interior opposite angle DEC ; i. 16. 
and the exterior angle DEC of the triangle BAE is greater 
than the interior opposite angle BAE, that is, than the 
angle BAC; i. 16. 

still more then is the angle BDC greater than the angle BAC. 

Q.E.D. 
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EXERCISES 

ON PrOPOSITIONB 18 AND 19. 

1. The hypotenuse is the greatest side of a right-angled triangle. 

2. If two angles of a triangle are equal to one another, the sides 
also, which subtend the equal angles, are equal to one another. Prop. 6. 
Prove this indirectly by using the result of Prop. 18. 

3. BC, the base of an isosceles triangle ABC, is produced to any 
point D ; shew that AD is greater than either of the equal sides. 

4. If in a quadrilateral the greatest and least sides are opposite to 
one another, then each of the angles adjacent to the least side is 
greater than its opposite angle. 

5. In a triangle ABC, if AC is not greater than AB, shew that 
any straight line drawn through the vertex A and terminated by the 
base BC, is less than AB. 

6. ABC is a triangle, in which OB, OC bisect the angles ABC, 
ACB respectively: shew that, if AB is greater than AC, then OB is 
greater than OC. 


ON Proposition 20. 

7. The difference of any two sides of a triangle is less than 
the third side. 

8. In a quadrilateral, if two opposite sides which are not parallel 
are produced to meet one another; shew that the perimeter of the 
greater of the two triangles so fonned is greater than the perimeter of 
the quadrilateral. 

0. The sum of the distances of any point from the three angular 
points of a triangle is greater than half its perimeter. 

10. The perimeter of a quadrilateral is greater than the sum of its 
diagonals. 

11. Obtain a proof of Proposition 20 by bisecting an angle by a 
straight line which meets the opposite side. 


ON Proposition 21. 

12. In Proposition 21 shew that the augle BDC is greater than 
the angle BAC by joining AD, and producing it towards the base. 

13. The sum of the distances of any point within a triangle from 
its angular points is less than the x>erimeter of the triangle. 
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Proposition 22. Problem. 

To describe a triangle having its sides equal to three 
given straight lines^ any two of which are together greater 
than the third. 



Let A, B, C be the three given straight lines, of which 
any two are together greater than the third. 

It is required to describe a triangle of which the sides 
shall be equal to A, B, C. 

Construction. Take a straight line DE terminated at the 
point D, but unlimited towards E. 

Make DF equal to A, FG equal to B, and GH equal to C. i. 3. 

From centre F, with radius FD, describe the circle DLK. 
From centre G with radius GH, describe the circle MHK, 
cutting the former circle at K. 

Join FK, GK. 

Then shall the triangle KFG have its sides equal to the 
three straight lines A, B, C. 

Proof Because F is the centre of the circle DLK, 


therefore FK is equal to FD : Def. 11. 

but FD is equal to A ; Comtr. 

therefore also FK is equal to A. Ax. 1. 

Again, because G is the centre of the circle MHK, 

therefore GK is equal to GH : Pef 11. 

but G H is equal to C ; C ^onstr. 

therefore also GK is equal to C. Ax. 1. 

And FG is equal to B. Constr. 

Therefore the triangle KFG has its sides KF, FG, GK equal 
respectively to the three given lines A, B, C. Q.E.r. 
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EXERCISE. 

On a given base describe a triangle, whose remaining sides shall be 
equal to two given straight lines. Point out how the construction 
fails, if any one of the three given lines is greater than the sum of 
the other two. 


Proposition 23. Problem. 

At a given point in a given straight line^ to make an 
angle equal to a given angle. 



Let AB be the given straight line, and A the given point 
in it ; and let DCE be the given angle. 

It is required to draw from A a straight line making 
with AB an angle equal to the given angle DCE. 

Construction. In CD, CE take any points D and E ; 
and join DE. 

From AB cut off AF equal to CD. I. 3. 

On AF describe the triangle FAG, having the remaining 
sides AG, GF equal respectively to CE, ED. i. 22. 

Then shall the angle FAG be equal to the angle DCE. 

Proof. For in the triangles FAG, DCE, 

j FA is equal to DC, Const/r. 

Because < and AG is equal to CE ; Constr, 

(and the base FG is equal to the base DE ; Constr. 
therefore the angle FAG is equal to the angle DCE i. 8. 
That is, AG makes with AB, at the given point A, an angle 
equal to the given angle DCE. Q.E.F. 
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Proposition 24, 

If two trianglea Jiave two aides of the one equal to two 
sides of the oiher^ each to each, hut the amgle contained by 
the two sides of one greater them the angle contained by 
the corresponding sides of the other; then the base of that 
which has the greater angle shall be greater than the base of the 
other. 



F 


Let ABC, DEF be two triangles, in which the two sides 
BA, AC are equal to the two sides ED, DF, each to each, 
but the angle BAC greater than the angle EDF : 

then shall the base BC be greater than the base EF. 

* Of the two sides DE, DF, let DE be that which is not 
greater than the other. 

Construction. At the point D, in the straight line ED, 
and on the same side of it as DF, make the angle EDG 
equal to the angle BAC. i. 23. 

Make DG equal to DF or AC; I. 3. 

and join EG, GF. 

Proof Then in the triangles BAC, EDG, 

BA is equal to ED, Hyp. 

Becaus equal to DG, Constr. 

' also the contained angle BAC is equal to the 
contained angle EDG ; Constr. 

Therefore the triangle BAC is equal to the triangle EDO in 
all respects : i. 4. 

so that the base BC is equal to the base EG. 

* ^ee note on the next page. 
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Again, in the triangle FDG, 
because DG is equal to DF, 

tlierefore the angle DFG is equal to the angle DGF, i. 5. 
but the angle DGF is greater than the angle EGF ; 
therefore also the angle DFG is greater than the angle EGF ; 
still more then is the angle EFG greater than the angle EGF. 

And in the triangle EFG, 

because the angle EFG is greater than the angle EGF, 
therefore the side EG is greater than the side EF ; i. 19. 
but EG was shewn to be equal to BC ; 

therefore BC is greater than EF. q.e.d. 


* Tills condition was inserted by Simson to ensure that, in the 
complete construction, the point F should fall heloxv EG. Without 
this condition it would be necessary to consider three cases: for F 
might fall above, or upon, or below EG ; and each figure would require 
separate proof. 

We are however scarcely at liberty to employ Simson’s condition 
mthont proving that it fulfils the object for which it was introduced. 

This may be done as follows: 

Let EG, DF, produced if necessary, intersect at K. 

Then, since DE is not greater than DF, 
that is, since DE is not greater than DG, 
therefore the angle DGE is not greater than the angle DEG. i. 18. 

But the exterior angle DKG is greater than the angle DEK : i. 16. 
therefore the angle DKG is greater than the angle DQK. 

Hence DG is greater than DK. i. 19. 

But DG is equal to DF ; 
tlierefore DF is greater than DK. 

Bo that the point F must fall below EG. 
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Or the following method may be adopted. 

Proposition 24. [Alternative Proof.] 

In the triangles ABC, DEF, 
let BA be equal to ED, 
and AC equal to DF, 
but let the angle BAC be greater than 
the angle EDF: 

then shall the base BC be greater than 
the base EF. 

For apply the triangle DEF to the 
triangle ABC, so that D may fall on A, 
and DE along AB: 

then because DE is equal to AB, 
therefore E must fall on B. 

And because the angle EDF is less than the angle BAC, Hyp. 
therefore DF must fall between AB and AC. 

Let DF occupy the position AG. 



Case 1. If G falls on BC : 

Then G must be between B and C : 
therefore BC is greater than BG. 

But BG is equal to EF : 
therefore BC is greater than EF. 



Case II. If Q does not fall on BC. A 

Bisect the angle CAG by the straight line AK 
which meets BC in K. i. 9. 

JoinGK. / 

Then in the triangles GAK, CAK, / \\\ 

/ GA is equal to CA, Jlyp. j \\ \ 

BAnanBa J common to both; / \ \ \ 

jand the angle GAK is equal to the 
* angle CAK; Constr. ^ 

therefore G K is equal to CK. i. 4. 

But in the triangle BKG, 

the two sides BK, KG are together greater than the third side BG, i. 20. 
that is, BK, KC are together greater than BG ; 

therefore BC is greater than BG, or EF. q.b.d. 
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Proposition 25. Theorem. 

If two i/riangleB ham two aides of the one eqvbal to two 
aides of the other^ echch to each, but the base of one greater 
than the base of the other ; then the angle contained by the 
aides of that which has the greater base, shall be greater them 
the angle contained by the corresponding sides of the other. 


A D 



Let ABC, DEF be two triangles which have the two sides 
BA, AC equal to the two sides ED, DF, each to each, but the 
base BC greater than the base EF : 
then shall the angle BAC be greater than the angle EDF. 

Proof For if the angle BAC be not greater than the 
angle EDF, it must be either equal to, or less than the 
angle EDF. 

But the angle BAC is not equal to the angle EDF, 
for then the base BC would be equal to the base EF ; i. 4. 

but it is not. Hyp, 

Neither is the angle BAC less than the angle EDF, 
for then the base BC would be less than the base EF ; i. 24. 

but it is not. Hyp. 

Therefore the angle BAC is neither equal to, nor less than 
the angle EDF ; 

that is, the angle BAC is greater than the angle EDF. q.e.i>. 
EXERCISE. 

In a triangle ABC, the vertex A is joined to X, the middle 
point of the base BC; i^ew that the angle AXB is obtuse or acute, 
according as AB is greater or less than AC. 
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Proposition 26. Theorem. 

If iwo triangles have two angles of the one equal to two 
angles of the other^ each to eojch^ and a side of one equal 
to a side of tJw other ^ these sides being either adjacent to the 
equal angles^ or opposite to equal amgles in each ; then shall 
the triangles he equal in all respects. 

Case I. When the equal sides are adjacent to the equal 
angles in the two triangles. 



Let ABC, DEF be two triangles, which have the angles 
ABC, ACB, equal to the two angles DEF, DFE, each to each ; 
and the side BC equal to the side EF : 
then shall the triangle ABC be equal to the triangle DEF 
in all respects ; 

that is, AB shall be equal to DE, and AC to DF, 
and the angle BAC shall be equal to the angle EDF. 

For if A B be not equal to DE, one must be greater than 
the other. If possible, let AB be greater than DE. 
Construction, From BA cut off BQ equal to ED, i. 3. 
and join QC. 

Proof Then in the two triangles GBC, DEF, 

I GB is equal to DE, Constr. 

and BC to EF, Hyp. 

also the contained angle GBC is equal to the 
contained angle DEF ; Hyp* 

therefore the triangles are equal in all respects ; i. 4. 
so that the angle GCB is equal to the angle DFE. 

But the angle ACB is equal to the angle DFE ; Hyp, 
therefore also the angle GCB is equal to the angle ACB ; Ax. 1. 
th« rkort Anna] tn the wholft. which is imnossihle 
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Therefore AB is not unequal to DE, 
that is, AB is equal to DE. 

Hence in the triangles ABC, DEF, 

{ AB is equal to DE, Proved, 

and BC is equal to EF ; Hyp. 

also the contained angle ABC is equal to the 
contained angle DEF ; Hyp* 

therefore the triangles are equal in all respects : i. 4. 
so that the side AC is equal to the side DF ; 
and the angle BAC to the angle EDF. q e.d. 

Case 1 1. When the equal sides are opposite to equal 
angles in the two triangles. 


A D 



Let ABC, DEF be two triangles which have the angles 
ABC, ACB equal to the angles DEF, DFE, each to each, 
and the side AB equal to the side DE : 
then shall the triangles ABC, DEF be equal in all respects ; 
that is, BC shall be equal to EF, and AC to DF, 
and the angle BAC shall be equal to the angle EOF. 
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For if BC be not equal to EF, one must be greater than 
the other. If possible, let BC be greater than EF. 

Construction, From BC cut off BH equal to EF, i. 3. 
and join AH. 

Proof, Then in the triangles ABH, DEF, 

! AB is equal to DE, Hyp, 

and BH to EF, Constr, 

also the contained angle ABH is equal to the 
contained angle DEF ; Hy]), 

therefore the triangles are equal in all respects, I. 4. 
so that the angle AHB is equal to the angle DFE. 

But the angle DFE is equal to the angle ACB ; Hyp. 
therefore the angle AHB is equal to the .angle ACB ; Ax, 1. 
that is, an exterior angle of tlie triangle ACH is equal to 
an interior opposite angle; which is impossible. i. IG. 
Therefore BC is not unequal to EF, 
that is, BC is equal to EF. 

Hence in the triangles ABC, DEF, 

( AB is equal to DE, Hy}^. 

and BC is equal to EF ; Proved, 

also the contained angle ABC is equal to the 
contained angle DEF ; Hyp, 

therefore the triangles are equal in all respects ; i. 4. 
so that the side AC is equal to the side DF, 
and the angle BAC to the angle EDF. 

Q.E.D. 

Corollary. In both cases of this Proposition it is seen 
that the triangles may he made to coincide with one another; 
and they are therefore equal in area. 


H. B. 


4 
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ON THE IDENTICAL EQUALITY OF TRIANGLES. 

At the close of the first section of Book I., it is worth while 
to call special attention to those Propositions (viz. Props. 4, 8, 26) 
which deal with the identical equality of two triangles. 

The results of these Propositions may be summarized thus : 

Two triangles are equal to one another in all respects, when 
the following parts in each are equal, each to each. 

1. Two sides, and the included angle. Prop, 4. 

2. Tlie three sides. Prop, 8, Cor, 

3. (a) Two angles, and the adjacent side. \ 

(b) Two angles, and the side opposite one of >• Prop, 26. 
them. ) 

From this the beginner will perhaps surmise that two tri- 
jinglos may bo shewn to be equal in all respects, when they have 
three parts equal, each to each ; but to this statement two obvious 
exceptions must be made. 

(i) When in two triangles the three angles of one are equal 
to the three angles of the other, each to each, it does not 
necessarily follow that the triangles arc equal in all respects. 

(ii) Wlien in two triangles two sides of the one are equal 
to two sides of the other, each to cacli, and one angle equal to 
one angle, these not being the angles included by the equal sides ; 
the triangles are not necessarily equal in all respects. 

In these cases a further condition must bo added to the 
hypothesis, before we can assert the identical equality of the 
two triangles. 

[See Theorems and Exercises on Book I., Ex. 13, Page 92.] 

We observe that in each of the three cases already proved 
of identical equality in two triangles, namely in Propositions 4, 
8, 26, it is shewn that the triangles may be made to coirveide 
with one another ; so that they are equal in area^ as in all 
other respects. Euclid however restricted himself to the use of 
Prop. 4, when he required to deduce the equality in area of two 
triangles from the equality of certain of their parts. 

This restriction has been abandoned in the present text-book. 
[See note to Prop. 34.] 
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EXERCISES ON PROPOSITIONS 12 — 26. 

1. If BX and CY, the bisectors of the angles at the base BC of an 
isosoeles triangle ABC, meet the opposite sides in X and Y j shew that 
the triangles YBC, XCB are equal in all respects. 

2. Shew that the petpendiculars drawn from the extremities of 
the base of an isosoeles triangle to the opposite sides are equal. 

3. Any point on the bisector of mi angle is equidistant from the 
arms of the angle, 

4. Through O, the middle point of a straight line AB, any straight 
line is drawn, and perpendiculars AX and BY are dropped upon it from 
A and B : shew that AX is equal to BY. 

5. If the bisector of the vertical angle of a triangle is at right 
angles to the base, the triangle is isosceles. 

6. The perpendicular is the shortest straight line that can he 
drawn from a given point to a given straight line ; and of others^ that 
which is nearer to the perpendicular is less than the more remote; and 
twOf and only two equal straight lines can he drawn from the given 
voint to the given straight linct one on each side of the perpendicular, 

7. From two given points on the same side of a given straight line^ 
draw two straight lines^ which shall meet in the given straight line 
and make equal angles with it. 

Let AB be the given straight line, 
and P, Q, the given points. 

It is required to draw from P and Q 
to a point in AB, two straight lines K''*-. iH ^ 

that ^all be equally inclined to AB. 

Construction, From P draw PH 
perpendicular to AB: produce PH to 

P', making HP' equal to PH. Draw GlP', meeting AB in K. Join 
PK. 

Then PK, QK shall be the required lines. [Supply the proof.] 

8. In a given straight line find a point which is equidistant from 
two given interseoting straight lines. In what case is tUs impossible? 

9. Through a given point draw a straight line such that the per- 
pendiculars drawn to it from two given points may be equal. 

In what case is this impossible? 
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SECTION IL 


PARALLEL STRAIGHT LINES AND PARALLELOGRAMS. 

Definition. Parallel straight lines are such as, being 
in the same plane, do not meet however far they are pro- 
duced in both directions. 

When two straight lines AB, CD are met by a third straight 
line EF, eight angles are formed, to which 
for the sake of distinction particular 
names are given. 

Thus in the adjoining figure, 

1, 2, 7, 8 are called exterior angles, 

3, 4, 6, 6 are called interior angles, 

4 and 6 are said to be alternate angles ; 
so also the angles 3 and 5 are alternate to 
one another. 

Of the angles 2 and G, 2 is referred to as the exterior angle, 
and 6 as the interior opposite angle on the same side of EF. 

2 and 6 are sometimes called corresponding angles. 

So also, 1 and 5, 7 and 3, 8 and 4 are corresponding angles. 

Euclid’s treatment of parallel straight lines is based upon his 
twelfth Axiom, which we here repeat. 

Axiom 12. If a straight line cut two straight lines so 
as to make the two interior angles on the same side of 
it together less than two right angles, these straight lines, 
being continually produced, will at length meet on that 
side on which are the angles which are together less than 
two right angles. 

Thus in the figure given above, if the two angles 3 and 6 are 
together less than two right angles, it is asserted that AB and 
CD will meet towards B and D. 

This Axiom is used to establish i. 29 : some remarks upon it 
will be found in a note on that Proposition. 
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Proposition 27. Theorem. 

IJ a slraigM line^ falling on two other straight lines, make 
the alternate angles equal to one another, then the straight 
lines shall he parallel, 

4 


A G B 



C H D 

F 

Let the straight line EF cut the two straight lines AB, 
CD at G and H, so as to make the alternate angles AGH, 
GHD equal to one another: 

then shall AB and CD be parallel. 

Proof For if AB and CD be not parallel, 
they will meet, if produced, either towards B and D, or to- 
wards A and C. 

If possible, let AB and CD, when produced, meet towards B 
and D, at the point K. 

Then KG H is a triangle, of which one side KG is produced 
to A: 

therefore the exterior angle AGH is greater than the interior 
opposite angle GHK. 1 . 16. 

But the angle AGH is equal to the angle GHK: Hyp, 
hence the angles AGH and GHK are both equal and unequal) 
which is impossible. 

Therefore AB and CD cannot meet when produced towards 
B and D. 

Similarly it may be shewn that they cannot meot towards 
A and C : 

therefore they are parallel. q.e.d 
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Proposition 28. Theorem. 

If a straight line, falling on two other straight lines, 
make an exterior angle equal to the interior opposite angle 
on the same side of the line; or if it make the interior 
angles on the same side together equal to two right angles, 
then the two straight lines shall be parallel. 



F 

Let the straight line EF cut the two straight lines AB, 
CD in G and H : and 

First, let the exterior angle EG B be equal to the interior 
opposite angle GHD: 

then shall AB and CD be parallel. 

Proof Because the angle EGB is equal to the angle GHD; 
and because the angle EGB is also equal to the vertically op- 
posite angle AGH; i. 15. 

therefore the angle AGH is equal to the angle GHD; 
but these are alternate angles; 
therefore AB and CD are parallel. i. 27. 

Q. E. D. 

Secondly, let tlie two interior angles BGH, GHD be to- 
gether equal to two right angles : 

then shall AB and CD be parallel. 

Proof Because the angles BGH, GHD are together equal 
to two right angles; Hyp* 

and because the adjacent angles BGH, AGH are also together 
equal to two right angles ; i. 13. 

therefore the angles BGH, AGH are together equal to the 
two angles BGH, GHD. 

From these equals take the common angle BGH : 
then the remaining angle AGH is equal to the remaining 
angle GHD: and these are alternate angles; 

therefore AB and CD are parallel. i. 27. 

Q.E.D, 
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Proposition 29. Theorem. 

If a straight line fall on two parallel straight lines^ then it 
shall make the alternate angles equal to one another , and the 
exterior angle equal to the interior opposite angle on the 
same side ; and also the two interior angles on the same 
side equal to two right angles. 



Let the straight line EF fall on the parallel straight 
lines AB, CD : 

then (i) the alternate angles AGH, GHD shall be equal to 
one another; 

(ii) the exterior angle EGB shall bo equal to the interior 
opposite angle GHD; 

(hi) the two interior angles BGH, GHD shall be together 
equal to two right angles. 

Proof (i) For if the angle AGH be not equal to the angle 
GHD, one of them must be greater than the otlier. 

If possible, let the angle AGH be greater than the angle 

GHD; 

add to each the angle BGH : 

then the angles AGH, BGH are together greater tluxn the 
angles BGH, GHD. 

But the adjacent angles AGH, BGH are together equal to 
two right angles ; i. 13. 

therefore the angles BGH, GHD are together less than two 
right angles; 

therefore AB and CD meet towards B and D. Ax, 1:? 
But they never meet, since they are parallel. Hyj), 
Therefore tlie angle AGH is not unequal to the angle GHD: 
that is, the alternate angles AGH, GHD are equal. 
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(ii) Again, because the angle AGH is equal to the verti- 
cally opposite angle EGB; I. 15. 

and because the angle AGH is equal to the angle GHD; 

Proved, 

therefore the exterior angle EGB is equal to the interior op- 
posite angle GMD 

(iii) Lastly, the angle EGB is equal to the angle GHD; 

Proved, 

add to each the angle BGH; 

then the angles EGB, BGH are together equal to the angles 
BGH, GHD. 

But the adjacent angles EGB, BGH are together equal to 
two right angles: 1 . 13. 

therefore also the two interior angles BGH, GHD are to- 
gether equal to two right angles. q.e.d. 


EXERCISES ON PROPOSITIONS 27, 28, 29. 

1. Two straight lines AB, CD bisect one another at O : shew that 

the straight lines joining AC and BD are parallel. [i. 27.J 

2. Straight lines which are perpendicular to the same straight line 

are parallel to one another, [i. 27 or i. 28.] 

8. If a straight line meet two or more parallel straight lines, and is 
perpendicular to one of them, it is also perpendicular to all the others, 

[L 29.] 

4. If two straight lines are parallel to two other straight lines, each 
to each, then the angles contained by the first pair are equal respectively 
to the angles contained by the second pair, ' [i. 29.] 
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Note on the Twelfth Axiom. 

It must be admitted that Euclid’s twelfth Axiom is uu- 
satisfactory as the basis of a theory of parallel straight lines. 
It cannot be regarded as either simple or self-evident, and it 
therefore falls short of the essential characteristics of an axiom : 
nor is the difficulty entirely removed by considering it as a cor- 
rollary to Proposition 17, of which it is the converse. 

Many substitutes have been proposed ; but we need only notice 
here the system which has met with most general appro^'al. 

This system rests on the following hypothesis, which is put 
forward as a fundamental Axiom. 

Axiom. Two hUersecting straight lines cannot be both parallel 
to a third straight line. 

This statement is known as Playfair’s Axiom ; and though 
it is not altogether free from objection, it is recommended as 
both simpler and more fundamental than that employed by 
Euclid, and more readily admitted without proof. 

Propositions 27 and 28 having been proved in the usual way, 
the first part of Proposition 29 is then given thus. 

Proposition 29. [Alternative Proof.] 

If a straight line fall on two parallel straight lines^ then it 
shall make tlw alternate angles equal. 

Let the straight line EF meet the two 
parallel straight lines AB, CD, at Q 
and H : 

then shall the alternate angles AGH, 

Q H D be equal. 

For if the angle AG H is not equal to the 
angle G H D : 

at G in the straight lino HG make the 
angle HGP equal to the angle GHD, 
and alternate to it. i. 23. 

Then PG and CD are parallel, i. 27. 

But AB and CD are parallel: Hyp. 
therefore the two intersecting straight lines AG, PG are both parallel 
to CD: 

which is impossible. Playfair's A xiom. 

Therefore the angle AGH is not unequal to the angle GHD, 
that is, the alternate angles AGH, GHD are equal, q.k.d. 
The second and third parts of the Proposition may then be deduced 
as in the text; and Euclid’s Axiom 12 follows as a Corollary. 
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Proposition 30. Theorem. 


Straight lines which are 'parallel to the same straight line 
a/re parallel to orw another. 



Let the straight lines AB, CD be each parallel to the 
straight line PQ : 

then shall AB and CD be parallel to one another. 

Construction, Draw any straight line EF cutting AB, CD, 
and PQ in the points G, H, and K. 

Proof, Then because AB and PQ are parallel, and EF 
meets them, 

therefore the angle AG K is equal to the alternate angle G KQ. 

I. 29. 

And because CD and PQ are parallel, and EF meets them, 
therefore the exterior angle GHD is equal to the interior 
opposite angle HKQ. i. 29. 

Therefore the angle AGH is equal to the angle GHD; 
and these are alternate angles; 
therefore AB and CD are parallel. i. 27. 

Q.E.D. 


Note. If PQ lies between AB and CD, the Proposition may be 
established in a similar manner, though in this case it scarcely needs 
proof; for it is inconceivable that two straight lines, which do not 
meet an intermediate straight line, should meet one another. 

The truth of this Proposition may be readily deduced from 
Playfair’s Axiom, of which it is the converse. 

For if AB and CD were not parallel, they would meet when pro- 
duced. Then there would be two intersecting straight lines both 
parallel to a third straight line : which is impossible. 

Therefore A 9 ^nd CD pever that is, they are parallel. 
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Proposition 31. Problem. 

To draw a straight line through a given point parallel 
to a given straight line. 



Let A \)e the given point, and BC the given straight line. 
It is required to draw through A a straight line parallel to 

BC. 

Construction. In BC take any point D; and join AD. 

At the point A in DA, make the angle DAE equal to the 
angle ADC, and alternate to it i. 23. 

and produce EA to F. 

Then shall EF be parallel to BC. 

Proof. Because the straight line AD, meeting the two 
straight lines EF, BC, makes the alternate angles EAD, ADC 
equal ; Constr. 

therefore EF is parallel to BC; i. 27. 

and it has been drawn through the given point A. 

q. E. F. 


EXERCISES. 

1. Any straight line drawn parallel to the base of an isosceles 
triangle makes equal angles with the sides. 

2. If from any point in the bisector of an angle a straight line is 
drawn parallel to either arm of the angle, the triangle thus formed is 
isosceles. 

3. From a given point draw a straight line that shall make with 
a given straight line an angle equal to a given angle. 

4. From X, a point in the base BC oi an isosceles triangle ABC, a 
straight line is drawn at right angles to the base, cutting A B in Y, and 
CA produced in Z : shew the triangle AYZ is isosceles. 

5. If the straight lino which bisects an exterior angle of a triangle 
is parallel to the opposite side, shew that the triangle is isosceles, 
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Proposition 32. Theorem. 

If a side of a triarngU he produced^ then the exterior 
angle shall he equal to the sum of the two interior opposite 
amgles: also the three interior angles of a triangle are together 
equal to two right angles. 


A 



B CO 

Let ABC be a triangle, and let one of its sides BC be 
produced to D : 

then (i) the exterior angle ACD shall be equal to the sum 
of the two interior opposite angles CAB, ABC ; 
(ii) the three interior angles ABC, BCA, CAB shall 
be together equal to two right angles. 

Construction, Through C draw CE parallel to BA. i. 31. 

Proof (i) Then because BA and CE are parallel, and AC 
meets them, 

therefore the angle ACE is equal to the alternate anffle 
CAB. I. 29. 

Again, because BA and CE are parallel, and BD meets them, 
therefore the exterior angle ECD is equal to the interior 
opposite angle ABC, i. 29. 

Therefore the whole exterior angle ACD is equal to the 
sum of the two interior opposite angles CAB, ABC. 

(ii) Again, since the angle ACD is equal to the sum of 
the angles CAB, ABC; Proved, 

to each of these equals add the angle BCA : 
then the angles BCA, ACD are together equal to the three 
angles BCA, CAB, ABC. 

But the adjacent angles BCA, ACD are together equal to 
two right angles; i. 13. 

therefore also the angles BCA, CAB, ABC are together equal 
to two right angles. q. e. d. 
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From this Proposition we draw tlie following important 
inferences. 

1. If two triangles have two angles of the one equal to two angles of 
the other ^ each to each^ then the third angle of the one is equal to the 
third angle of the other. 

2. In any right-angled triangle the two acute angles are com- 
plementai'y. 

8. In a right-angled isosceles triangle each of the equal angles 
is half a right angle. 

4. If one angle of a triangle is equal to the sum of the other twot 
the triangle is right-angled. 

5. The sum of the angles of any quadrilateral figure is equal to 
four right angles. 

6. Each angle of an equilateral triangle is two-thirds of a right 
angle. 


EXERCISES ON PROPOSITION 32 

1. Prove that the three angles of a triangle are together equal to 
two right angles, 

(i) by drawing through the vertex a straight line parallel 

to the base ; 

(ii) by joining the vertex to any point in the base. 

2. If the base of any triangle is produced both ways, shew that 
the sum of the two exterior angles diminished by the vertical angle is 
equal to two right angles. 

8. If two straight lines are perpendicular to two other straight 
lines, each to each, the acute angle between the first pair is equal 
to the cuiute angle between the second pair, 

4. Every right-angled triangle is divided into two isosceles tri- 
angles by a straight line drawn from the right angle to the middle point 
of the hypotenuse. 

Hence the joining line is equal to half the hypotenuse, 

5. Draw a straight line at right angles to a given finite straight 
line from orte of its extremities, without producing the given straight 
line, 

[Let AB be the given straight line. On AB describe any isosceles 
triangle ACB. Produce BC to D, making CD equal to BC. Join 
AD. Then shall AD be perpendicular to AB.] 
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6. Trisect a right angle, 

7. The angle contained by the bisectors of the angles at the base 
of an isosceles triangle is equal to an exterior angle formed by pro- 
ducing the base. 

8. The angle contained by the bisectors of two adjacent angles of 
a quadrilateral is equal to half the sum of the remaining angles. 


The following theorems were added as corollaries to 
Proposition 32 by Robert Simsoii. 

Corollary 1. All the interior angles of any rectilineal 
figure^ with four right angles^ are together equal to twice as 
mcmy right angles as the figure has sides. 

D 

E 


A B 

Let ABODE be any rectilineal figure. 

Take F, any point within it, 
and join F to each of the angular points of the figure. 

Then the figure is divided into as many triangles as it has 
sides. 

And the three angles of each triangle are together equal 
to two right angles. i. 32. 

Hence all the angles of all the triangles are together equal 
to twice as many right angles as the figure has sides. 

But all the anpples of all the triangles make up the in- 
terior angles of the figure, together with the angles 
at F; 

and the angles at F are together equal to four right 
angles: i. 15, Cor. 

Therefore all the interior angles of the figure, with four 
right angles, are together equal to twice as many right 
angles as the figure has sides. Q. E. D. 
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Corollary 2. If the sides of a rectilineal figv/rey which 
JuibS no re-entrant angle^ are produced in order ^ then all the ex- 
terior angles so formed are together equal to four right cmgles. 



For at each angular point of the figure, the interior angle 
and the exterior angle are together equal to two right 
angles. i. 13. 

Therefore all the interior angles, with all the exterior 
angles, are together equal to twice as many right angles 
as the figure has sides. 

But all the interior angles, with four right angles, are to- 
gether equal to twice as many right angles as the figure 
has sides. i. 32, Cor. 1. 

Therefore all the interior angles, with all the exterior 
angles, are together equal to all the interior angles, v/ith 
four right angles. 

Therefore the exterior angles are together equal to four . 
right angles. Q. E. d. 


EXERCISES ON SIMSON’S COROLLARIES. 

[A polygon is said to be reg^ular when it has all its sides and all its 
angles equal.] 

1. Express in terms of a right angle the magnitude of each angle 

of (i) a regular hexagon, (ii) a regular octagon. 

2. If one side of a regular hexagon is produced, shew that the ex- 
terior angle is equal to the angle of an equilateral triangle. 

3. Prove Simson’s first Corollary by joining one vertex of the 
rectilineal figure to each of the other vertices. 

4. Find the magnitude of each angle of a regular polygon of 
n sides. 

6. If the alternate sides of any polygon be produced to meet, the 
sum of the included angles, together with eight right angles, will 
be equal to twice as many right angles as the figure has sides. 
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Proposition 33. Theorem. 

The straight lines which join the extremities of two equal 
cmd pmallel straight lines towards the same parts are themr 
selves equal and parallel. 



Ixit AB and CD be equal and parallel straight lines; 
and let them be joined towards the same parts by the 
straight lines AC and BD: 

then shall AC and BD be equal and parallel. 

Construction. Join BC. 


Proof. Then because AB and CD are parallel, and BC 
meets them, 

therefore the alternate angles ABC, BCD are equal, i. 29. 


Now in the triangles ABC, DCB, 

1 AB is equal to DC, Hyp, 

and BC is common to both; 
also the angle ABC is equal to the angle 
DCB; Proved. 

therefore the triangles are equal in all respects; i. 4. 
so that the base AC is equal to the base DB, 
and the angle ACB equal to the angle DBC; 
but these are alternate angles ; 
therefore AC and BD are parallel: i. 27 

and it has been shewn that they are also equal. 


Q. E. D. 


Definition. A Parallelogram is a four-sided figure 
whose opposite sides are parallel. 
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Proposition 34. Theorem. 

The opposite sides and angles of a parallelogram are 
eqiuzl to one another^ and each diagonal bisects the paralleh- 
gram. 



C D 

Let ACDB be a parallelogram, of which BC is a diagonal : 
then shall the opposite sides a,nd angles of the figure be 
equal to one another; and the diagonal BC shall bisect it. 

Proof Because AB and CD are parallel, and BC meets 
them, 

therefore the alternate angles ABC, DCB are equal, i. 29. 
Again, because AC and BD are parallel, and BC meets 
them, 

therefore the alternate angles ACB, DBC are equal, i. 29. 
Hence in the triangles ABC, DCB, 

( the angle ABC is equal to the angle DCB, 
and the angle ACB is equal to the angle DBC; 
also the side BC, which is adjacent to the equal 
angles, is common to both, 

therefore the two triangles ABC, DCB are equal in all 
respects; i. 26. 

so that AB is equal to DC, and AO to DB; 
and the angle BAC is equal to the angle CDB. 

Also, because the angle ABC is equal to the angle DCB, 
and the angle CBD equal to the angle BCA, 
therefore the whole angle ABD is equal to the whole angle 
DCA. 

And since it has been shewn that the triangles ABC, DCB 
are equal in all respects, 

therefore the diagonal BC bisects the parallelogram ACDB. 

Q.E.D. 


[See note on next page.] 
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Note. To the proof which is here given Euclid added an applica- 
tion of Proposition 4, with a view to shewing that the triangles ABC, 
DCB are equal in arca^ and that therefore the diagonal BC bisects the 
parallelogram. This equality of area is however sufficiently established 
by the step which depends upon i. 26. [Sec page 48.] 


EXERCISES. 

1. If one angle of a parallelogram is a right angle, all its angles 
are right angles, 

2. If the opposite sides of a quadrilateral are equal, the figure is a 
parallelogram. 

3. If the opposite angles of a quadrilateral are equal, the figure is 
a parallelogram. 

4. If a quadrilateral has all its sides equiol and one angle a rigid 
angle, all its angles are right angles. 

6. The diagomls of a parallelogram bisect each other, 

6. If the diagonals of a qtuidrilateral bisect each other, the figure 
is a parallelogram, 

7. If two opposite angles of a parallelogram are bisected by th» 
diagonal which joins them, the figure is equilateral. 

8. If the diagonals of a parallelogram are equal, all its angles are 
right angles. 

9. In a parallelogram which is not rectangular the diagonals are 
unequal. 


10. Any straight line drawn through the middle point of a diagonal 
of a parallelogram and terminated by a pair of opposite sides, is 
bisect^ at that point. 

11. If two parallelograms have two adjacent sides of one equal to 
two adjacent sides of the other, each to each, and one angle of one equal 
to one angle of the other, the parallelograms are equal in all respects, 

12. Two rectangles are equal if two adjacent sides of one are 
equal to two adjacent sides of the other, each to each, 

13. In a parallelogram the perpendiculars drawn from one pair of 
opposite angles to the diagonal which joins the other pair are equal. 

14. If ABCD is a parallelogram, and X, Y respectively the middle 
points of the sides AD, BC ; shew that the figure AYCX is a parallelo- 
KTom. 
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MISCELLANEOUS EXERCISES ON SECTIONS 1. AND II. 

1. Shew that the construction in Proposition 2 may generally be 
performed in eight different ways. Point out the exceptional case. 

2. The bisectors of two vertically opposite angles are in the same 
straight line. 

3. In the figure of Proposition 16, if AF is joined, shew 

(i) that AF is equal to BC ; 

(ii) that the triangle ABC is equal to the triangle CFA in all 
respects. 

4. ABC is a triangle right-angled at B, and BC is produced to D: 
shew that the angle ACD is obtuse. 

5. Shew that in any regular polygon of n sides each angle contains 
2(w-2) . _ 

— - right angles. 


6. The angle contained by the bisectors of the angles at the base 
of any triangle is equal to the vertical angle together with half the 
sum of the base angles. 

7. The angle contained ))y the bisectors of two exterior angles of 
any triangle is equal to halt the sum of the two corresponding interior 
angles. 

8. If perpendiculars are drawn to two intersecting straight lines 
from any point between them, shew that the bisector of the angle 
between the perpendiculars is parallel to (or coincident with) the 
bisector of the angle between the given straight lines. 

9. If two points P, Q be taken in the equal sides of an isosceles 
triangle ABC, so that BP is equal to CC, shew that PQ is ))arallel to 

BC. 


10. ABC and DEF are two triangles, such that AB, BC are equal 
and parallel to DE, EF, each to each; shew that AC is equal and 
parallel to DF. 

11. Prove the second Corollary to Prop. 32 by drawing through 
any angular point lines parallel to all the sides. 

12. If two sides of a quadrilateral are parallel, and the remaining 
two sides equal but not parallel, shew that the opposite angles are 
supplementary; also that the diagonals are equal. 


• 5—9 



SECTION m. 

THE AREAS OP PARALLELOGRAMS AND 'TRIANGLES. 


Hitherto when two figui’es have been sa.id to be equals it has 
been implied that tliey are identically equal, that is, equal in all 
respects. 

In Section III. of EucUd’s first Book, we have to consider 
the equahty in area of parallelograms and triangles w^hich are 
not necessarily equal in all respects. 

[The ultimate test of equality, as we have already seen, is afforded 
by Axiom 8, which asserts that magnitudes which may he made to 
coincide with one another are equal. Now figures which are not identi- 
cally equal, cannot be made to coincide without first undergoing some 
change of form : hence the method of direct mperpoeition is unsuited 
to the purposes of the present section. 

We shall see however from Euclid’s proof of Proposition 35, that 
two figures which are not identically equal, may nevertheless be so 
I’elated to a third figure, that it is possible to infer the equality of 
their areas.] 


Definitions. 

1 . The Altitude of a parallelogram with reference to a 
given side as base, is the perpendicular distance between 
the base and the opposite side. 

2. The Altitude of a triangle with reference to a given 
side as base, is the perpendicular distance of the opposite 
veirtex from the base. 
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Proposition 35. Theorem. 


Pa/raUelograma on the same base, and between the same 
•pa/rallelsy a/re equal in area. 



Let the parallelograms ABCD, EBCF be on the s;iiiie 
base BC, and between the same parallels BC, AF : 

then shall the parallelogram A BCD be equal in area to 
the parallelogram EBCF. 

Case I. If the sides of the given parallelograms, oppo- 
site to the common base BC, are terminated at the same 
point D: 

then because each of the parallelograms is double of tl .e 
triangle BDC; i. 34. 

therefore they are equal to one another. Ax. 6. 
Case II, But if the sides AD, EF, opposite to the btse 
BC, are not terminated at the same point : 

then because A BCD is a parallelogram, 
therefore AD is equal to the opposite side BC; i. 34. 
and for a similar reason, EF is equal to BC ; 

therefore AD is equal to EF. Ax. 1. 

Hence the whole, or remainder, EA iS equal to tho whole, 
or remainder, FD. 

Then in the triajigles FDC, EAB, 

! FD is equal to EA, Proved. 

and DC is equal to the opposite side AB, i. 34. 
also the exterior angle FDC is equal to the interioi* 
opposite angle EAB, I. 29. 

therefore the triangle FDC is equal to the triangle EAB. i. 4. 

From the whole figure ABCF take the triangle FDC ; 
and from the same figure take the equal triangle EAB ; 

then the remainders are equal ; Ax. 3. 

that is, the parallelogram A BCD is equal to the parallelo- 
gram EBCF. Q.£.D« 
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Proposition 38. Theorem. 

Triangles on equal hases^ and between the same pa/raMels^ 
are equal in area. 



Let the triangles ABC, DEF be on equal bases BC, EF, 
and between the same parallels BF, AD ; 
then shall the triangle ABC be equal to the tiiaiigle DEF. 

Construction. Through B draw BG parallel to CA, to 
meet DA produced in G; i. 31. 

tlirough F draw FH parallel to ED, to meet AD produced in H. 

Proof. Then, by construction, each of the figures GBCA, 
DEFH is a parallelogram. Def. 26. 

And GBCA is equal to DEFH ; 

for they are on equal bases BC, EF, and between the same 
parallels BF, GH. I. 36. 

And the triangle ABC is half of the parallelogram GBCA, 
for the diagonal AB bisects it. i. 34. 

Also the triangle DEF is half the parallelogram DEFH, 

for the diagonal DF bisects it. I. 34. 

But the halves of ecjual things are equal: Ax. 7. 
therefore the triangle ABC is equal to the triangle DEF. 

Q.E.D. 

From this Proposition we infer that : 

(i) Triangles on eqiial bases ahvd of equal altitude are equal 
in area. 

^ii) Of two triangles of the same altitude^ tiuit is the greater 
which has the greater base: and of two triangles on the same base^ 
or <m equal bases, that is the greater which h^ the greater altitude. 

[For Exeroises see page 78.] 
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Proposition 39. Theorem. 

Equal triangles on the same base^ and on the same side 
of it^ a/re hettoeen the same parallels. 



B C 


Let the triangles ABC, DBC which stand on the same 
base BC, and on the same side of it, be equal in area : 
then shall they be between the same parallels ; 
that is, if AD be joined, AD shall be parallel to BC. 

CmLStruction, For if AD be not parallel to BC, 

if possible, through A draw AE parallel to BC, i. 31. 
meeting BD, or BD produced, in E. 

Join EC. 

Proof, Now the triangle ABC is equal to the triangle EBC, 
for they are on the same base BC, and between the same 
parallels BC, AE. i. 37. 

But the triangle ABC is equal to the triangle DBC; Hyp. 
therefore also the triangle DBC is equal to the triangle EBC; 
the whole equal to the part ; which is impossible. 
Therefore AE is not parallel to BC, 

Similarly it can be shewn that no other straight line 
through A, except AD, is parallel to BC. 

Therefore AD is parallel to BC. 


From this Proposition it follows that : 

Equal triangles on the same base have equal altitudes. 


[For EzeroiseB see page 73.] 



72 


Euclid’s elements. 


Proposition 40. Theorem. 

Equal triangles^ on equal hoses in the same straight line^ 
amd on the same side of it^ a/re between the sa/me pa/raUels, 



Let the triangles ABC, DEF which stand on equal bases 
BC, EF, in the same straight line BF, and on the same side 
of it, be equal in area : 

then shall they be between the same parallels; 
that is, if AD be joined, AD shall be parallel to BF. 
Construction, Por if AD be not parallel to BF, 

if possible, through A draw AG parallel to BF, i, 31. 
meeting ED, or ED produced, in G. 

Join GF. 

Proof Now the triangle ABC is equal to the triangle GEF, 
for they are on equal bases BC, EF, and between the 
same parallels BF AG. i. 38. 

But the triangle ABC is equal to the triangle DEF : Hyp. 
therefore also the triangle DEF is equal to the triangle GEF : 
the whole equal to the part ; which is impossible. 
Therefore AG is not parallel to BF. 

Similarly it can be shewn that no other straight line 
through A, except AD, is parallel to BF. 

Therefore AD is parallel to BF. 

Q.E.D. 


From this Proposition it follows that : 

(i) Equal triangles on equal hoses have equal altitudes 
(ii) Equal triangles of equal altitudes have equal hoses. 
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EXERCISES ON PROPOSITIONS 37 — 40 . 

Definition. Each of the three straight lines which join 
the angular points of a triangle to the middle points of the 
opposite sides is called a Median of the triangle. 

ON Pbop. 37. 

1. If, in the figure of Prop. 37, AC and B D intersect in K, shew that 
(i) the triangles A KB, DKC are equal in area. 

(li) the quadrilaterals EBKA, FCKD are equal. 

2. In the figure of i. 16, shew that the triangles ABC, FBC are 
equal in area. 

3. On the base of a given triangle construct a second triangle, 
equal in area to the first, and having its vertex in a given straight 
line. 

4. Describe an isosceles triangle equal in area to a given triangle 
and standing on the same base. 

ON P»or. 38. 

6. A triangle is divided hy each of its medians into two parts of 
equal area, 

6. A parallelogram is divided by its diagonals into four triangles 
of equal area. 

7. ABC is a triangle, and its base BC is bisected at X ; if Y 
be any point in the median AX, shew that the triangles ABY, ACY are 
equal in area. 

8. In AC, a diagonal of the parallelogram A BCD, any point X is 
taken, and XB, XD are drawn: shew that the triangle BAX is equal 
to the triangle DAX. 

9. If two triangles have two sides of one respectively equal to two 
sides of the other, and the angles contained by those sides supplement- 
ary ^ the triangles are equal in area. 

ON Pbop. 39. 

10. The straight line which joins the middle points of two skies of 
a triangle is parallel to the third side, 

11. If two straight lines AB, CD intersect in O, so that the triangle 
AOC is equal to the triangle DOB, shew that AD atid CB are parallel, 

ON Pbop. 40. 

12. Deduce Prop. 40 from Prop. 39 by joining AE, AF iu the 
figure of page 72. 
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Peoposition 41. Theorem. 

If a parallelogram and a triangle he on the same base 
and between the same parallels^ the pa/rallelogram shall be 
double of the triangle. 



Let the parallelogram A BCD, and the triangle EBC be 
upon the same base BC, and between the same parallels 
BC, AE : 

then shall the parallelogram A BCD be double of the triangle 

EBC. 

Co'nstructlon. Join AC. 

Proof Then the triangle ABC is equal to tlie triangle EBC, 
for they are on the same base BC, and between the same 
parallels BC, AE. i. 37. 

But the parallelogram ABCD is double of the triangle ABC, 
for the diagonal AC bisects the parallelogram. i. 34. 
Therefore tlie parallelogram ABCD is also double of the 
triangle EBC. Q.E.D. 


EXERCISES. 

1. ABCD is a parallelogram, and X, Y are the middle points of 
the sides AD, BC; if Z is any point in XY, or XY produced, shew 
that the triangle AZB is one quarter of the parallelogram ABCD. 

2 . Describe a right-angled isosceles triangle equal to a given square. 

8. If ABCD is a parallelo^am, and XY any points in DC and AD 
respectively: shew that the triangles AXB, BYC are equal in area. 

4. ABCD is a parallelogram, and P is any point within it; shew 
that the sum of the triangles PAB, PCD is equal to half the paral* 
leloiTxam. 
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Proposition 42. Problem. 

To describe a parallelogram tlmt shall he equal to a given 
triangle^ and have one of its angles equal to a given angle. 



Let ABC be tlie given triangle, and D tlie given angle. 

It is required to describe a parallelogram equal to ABC, and 
having one of its angles equal to D. 

ConstnLction, Bisect BC at E. i. 10. 

At E in CE, make the angle CEF equal to D ; I. 2.3. 
through A draw AFG parallel to EC ; I. 31. 
and througli C draw CG parallel to EF. 

Then FECG shall be the parallelogram required. 

Join AE. 

Proof, Now the triangles ABE, A EC are equal, 
for they are on equal bases BE, EC, and between the same 
parallels; i. 38. 

tlierefore the triangle ABC is double of the triangle A EC. 
But FECG is a parallelogram by construction; Def, 26. 
and it is double of the triangle A EC, 
for they are on the same base EC, and between the same 
parallels EC and AG. i. 41. 

Therefore the parallelogram FECG is equal to the triangle 
ABC; 

and it has one of its angles CEF equal to the given angle D. 

Q. E. F. 


EXERCISES. 

1. Describe a parallelogram equal to a given square standing on 
the same base, and having an angle equal to half a right angle. 

2. Describe a rhombus equal to a given parallelogram and stand- 
ing on the same base. 'V^^en does the const^ction fail? 
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Definition. Jf in tlie diagonal of a parallelogram any 
point is taken, and straight lines are drawn through it 
parallel to the sides of the parallelogram ; then of the four 
parallelograms into which the whole figure is divided, the 
two through which the diagonal passes are called Paral- 
lelograms about that diagonal, and the otlier two, which 
with these make up the whole figure, are called the 
complements of the parallelograms about the diagonal. 

Thus in the figure given below, AEKH, KGCF are parallelograms 
about the diagonal AC; and HKFD, EBGK are the complements of 
those parallelograms. 

Note. A parallelogram is often named by two letters only, these 
being placed at opposite angular points. 


Pboposition 43. Theorem. 

The complementB of the paralUlograms about the dmgonal 
of any parallelogram^ are equal to one another. 



Let A BCD be a parallelogram, and KD, KB the comple- 
ments of the parallelograms EH, GF about the diagonal AC: 
then shall the complement BK be equal to the comple- 
ment KD. 

Proof Because EH is a parallelogram, and AK its diagonal, 
therefore the triangle AEK is equal to the triangle AH K. i. 34. 
For a similar reason the triangle KGC is equal to the 
triangle KFC. 

Hence the triangles AEK, KGC are together equal to the 
triangles AHK, KFC. 
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But the whole triangle ABC is equal to the whole triangle 
ADC, for AC bisects the parallelogram ABCD ; i. 34. 

therefore the remainder, the complement BK, is equal to the 
remainder, the complement KD. Q.£.i>. 

EXERCISES. 

In the figure of Prop. 43, prove that 

(i) The parallelogram ED is equal to the parallelogram BH. 

(ii) If KB, KD are joined, the triangle AKB is equal to the 

triangle AKD. 

Proposition 44. Problem. 

To a given straight line to apply a parallelogram which 
shall he equal to a given triangle^ and have one of its angles 
eqwal to a given cmgle. 



Let AB be the given straight line, C the given triangle, 
and D the given angle. 

It is required to apply to the straight line A B a paral- 
lelogram equal to the triangle C, and having an angle equal 
to the angle D. 

Construction. On AB produced describe a parallelogram 
BEFG equal to the triangle C, and having the angle EBG 
equal to the angle D; i. 22 and l. 42*. 

through A draw AH parallel to BG or EF, to meet FG pro- 
duced in H. I. 31. 

Join HB. 

* This step of the construction is effected by first describing on AB 
produced a triangle whose sides are respectively equal to those of the 
triangle C (i. 22); and by then making a parallelogram equal to the 
triangle so drawn, and having an angle equal to D (i. 42). 
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Then because AH and EF are parallel, and HF meets them, 
therefore the angles AHF, HFE are together equal to two 
right angles : i. 29. 

hence the angles BHF, HFE are together less than two 
right angles; 

therefore HB and FE will meet if produced towards B 
and E. Ax, 12. 

Produce them to meet at K. 

Through K draw KL parallel to EA or FH; l. 31. 
and produce HA, GB to meet KL in the points L and M. 
Then shall BL be the parallelogram required. 

Proof, Now FHLK is a parallelogram, Constr, 
and LB, BF are the complements of the parallelograms 
about the diagonal HK: 

therefore LB is equal to BF. I. 43. 

But the triangle C is equal to BF; Constr . 

therefore LB is equal to the triangle C. 

And because the angle GBE is equal to the vertically oppo- 
site angle ABM, I. 15. 

and is likewise equal to the angle D ; Constr, 
therefore the angle ABM is equal to the angle D. 
Therefore the parallelogram LB, which is applied to the 
straight line AB, is equal to the triangle C, and has the 
angle ABM equal to the angle D. Q.E,p. 
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Proposition 45. Problem. 

To describe a parallelogram equal to a given rectilineal 
figure^ and having an angle equal to a given angle. 



Let A BCD be the given rectilineal figure, and E the 
given angle. 

It is required to describe a parallelogram equal to A BCD, 
and having an angle equal to E. 

Suppose the given rectilineal figure to be a quadrilateral. 

Construction. Join BD. 

Describe the parallelogram FH equal to the triangle ABD, 
and having the angle FKH equal to the angle E. I. 42. 
To GH apply the parallelogram GM, equal to the triangle 
DBC, and having the angle GHM equal to E. i. 44. 

Then shall FKML be the parallelogram required. 

Proof. Because each of the angles GHM, FKH is equal to E, 
therefore the angle FKH is equal to the angle GHM. 

To each of these equals add the angle GHK ; 
then the angles FKH, GHK are together equal to the angles 

GHM, GHK. 

But since FK, GH are parallel, and KH meets them, 
therefore the angles FKH, GHK arc together equal to two 
right angles : i. 29, 

therefore also the angles GHM, GHK are together equal to 
two right angles : 

therefore KH, HM are in the same straight line, i. 11. 


U. E. 


a 
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Again, because KM, FG are parallel, and HG meets them, 
therefore the alternate angles MHG, HGF are equal : i. 29 
to each of these equals add the angle HGL ; 
then the angles MHG, HGL are together equal to the angles 
HGF, HGL. 

But because HM, GL are parallel, and HG meets them, 
therefore the angles MHG, HGL are together equal to 
two right angles: i. 29. 

therefore also the angles HGF, HGL are together equal to 


two right angles ; 

therefore FG, GL are in the same straight line. I. 14. 
And because KF and ML are each parallel to HG, Comtr, 
therefore KF is parallel to ML; l. 30. 

and KM, FL are parallel ; Constr, 

therefore FKML is a parallelogram. Def, 26. 
And because the parallelogram FH is equal to the triangle 
ABD, Conatr, 

and the parallelogram GM to the triangle DBG ; Constr. 


therefore the whole parallelogram FKML is equal to the 
whole figure ABCD ; 

and it has the angle FKM equal to the angle E. 

By a series of similar steps, a parallelogram may be 
constructed equal to a rectilineal figure of more than four 
sides. Q.E.F, 
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Proposition 46. Problem. 

To describe a sqvxire on a given straigJU line. 

Cl 


A B 

^ Let AB be the given, straight line : 
it is required to describe a square on AB. 

Co7istr, From A draw AC at right angles to AB ; i. 11, 
and make AD equal to AB. l, 3*. 

Through D draw DE parallel to AB; i. 31. 

and through B draw BE parallel to AD, meeting DE in E. 
Then shall A DEB be a square. 

Proof. For, by construction, A DEB is a parallelogram : 
therefore AB is equal to DE, and AD to BE. i. 34, 
But AD is equal to AB ; Constr. 

berefore the four straight lines AB, AD, DE, EB are equal 
to one another; 

that is, the figure A DEB is equilateral. 

Again, since AB, DE are parallel, and AD meets them, 
herefore the angles BAD, ADE are together equal to two 
right angles ; i. 29. 

but the angle BAD is a right angle ; Constr. 
therefore also the angle ADE is a right angle. 

And the opposite angles of a parallelogram are equal ; i. 34. 
therefore each of the angles DEB, EBA is a right angle : 
that is the figure ADEB is rectangular. 

Hence it is a square, and it is described on AB. 

Q.E.F. 

Corollary. If one cmgle of a parallelogram ia a right 
wglCf all its angles are right angles. 
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2. On the sides AB, AC of any triangle ABC, squares ABFG, 
ACKH are described both toward the triangle, or both on the side 
remote from it : shew that the straight lines BH and CG are equal. 

8. On the sides of any triangle ABC, equilateral triangles BCX, 
CAY, ABZ are described, all externally, or all towards the triangle: 
shew that AX, BY, CZ are all equal. 

4. The square described on the diagonal of a given square^ is 
double of the given square. 

5. ABC is an equilateral triangle, and AX is the perpendicular 
drawn from A to BC : shew that the square on AX is three times the 
square on BX. 

6. ^Describe a square equal to the sum of two given squares. 

7. From the vertex A of a triangle ABC, AX is drawn perpendi- 
cular to the base : shew that the difference of the squares on the sides 
AB and AC, is equal to the difference of the squares on BX and CX, 
the segments of the base. 

8. If from any point O within a triangle ABC, pei^endiculars 
OX, OY, OZ are drawn to the sides BC, CA, AB respectively; shew 
that the sum of the squares on the segments AZ, BX, CY is equal to 
the sum of the squares on the segments AY, CX, BZ. 


Proposition 47. Alternative Proof. 


C 



Let CAB be a right-angled triangle, having the angle at A a right 
angle : 

then shall the square on the hypotenuse BC be equal to the sum of 
the squares on BA« AC. 
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On AB describe the square ABFQ. i. 46. 

From FG and GA out off respectively FD and GK, each equal 
to AC. I, 8. 

On GK describe the square GKEH : i. 46. 

then HG and GF are in the same straight line. z. 14. 

Join CE, ED, DB. 


It will first be shewn that the figure CEDB is the square on CB. 

Now CA is equal to KG ; add to each AK: 
therefore CK is equal to AG. 

Similarly DH is equal to GF: 
hence the four lines BA, CK, DH, BF are all equal. 

Then in the triangles BAC, CKE, 

/ BA is equal to CK, Proved, 

Because -I Comtr. 

j also the contained angle BAC is equal to the contained 
\ angle CKE, being right angles ; 
therefore the triangles BAC, CKE are equal in all respects, i. 4. 
Similarly the four triangles BAC, CKE, DHE, BFD may be shewn 
to be equal in all respects. 

Therefore the four straight lines BC, CE, ED, DB are all equal; 
that is, the figure CEDB is equilateral. 

Again the angle CBA is equal to the angle DBF ; Proved, 

add to each the angle ABD : 
then the angle CBD is equal to the angle ABF : 

therefore the angle CBD is a right angle. 

Hence the figure CEDB is the square on BC. Def, 28. 

And EHGK is equal to the square on AC. Conetr, 

Now the square on CEDB is made up of the two triangles BAC, CKE, 
and the rectilineal figure AKEDB ; 

therefore the square CEDB is equal to the triangles EHD, DFB 
together with the same rectilineal figure ; 

but these make up the squares EHGK, AGFB: 
hence the square CEDB is equal to the sum of the squares EHGK, 
AGFB: 

that is, the square on the hypotenuse BC is equal to the sum of th«n 
squares on the two sides CA, AB. q. e. d. 


Ohs, The following properties of a square, though not 
formally enunciated by Euclid, are employed in subsequent 
proofs. [See i. 48.] 

(i) The squares on equal straight lines a/re eqyoL 

(ii) Equal squa/res stand upon equal straight Vvms, 
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Proposition 48. Theorem. 

If the eqMLO/re described on one side of a triangle he equal 
to the sum of the squares described on the other two sides, then 
the cmgle contained by these two sides slmll be a right angle. 


D 



Let ABC be a triangle; and let the square described on 
BC be equal to the sum of the squares described on BA, AC : 

then shall the angle BAC be a right angle. 
Construction. From A draw AD at right angles to AC; 1. 11. 

and make AD equal to AB. i, 3. 

Join DC. 

Proof Then, because AD is equal to AB, Conslr. 
therefore the square on AD is equal to the square on AB. 
To each of these add the square on CA; 
then the sum of the squares on CA, AD is equal to the sum 
of the squares on CA, AB. 

But, because the angle DAC is a right angle, Constr. 
therefore the square on DC is equal to the sum of the 
squares on CA, AD. I. 47. 

And, by hypothesis, the square on BC is equal to the sum 
of the squares on CA, AB; 

therefore the square on DC is equal to the square on BC : 
therefore also the side DC is equal to the side BC. 

Then in the triangles DAC, BAC, 

I da is equal to BA, Constr. 

and AC is common to both; 
also the third side DC is equal to the third side 
BC; Proved. 

therefore the angle DAC is equal to the angle BAC. i. 8. 

But DAC is a right angle ; Constr. 

therefore also BAC is a right angle. q. e. d. 
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INTRODUCTORY. 

HINTS TOWARDS THE SOLUTION OF GEOMETRICAL EXERCISES. 

ANALYSIS. SYNTHESIS. 

It is commonly found that exercises in Pure Geometry present 
to a beginner far more difficulty than examples in any other 
branch of Elementary Mathematics. This seems to be due to 
the following causes. 

(i) The main Propositions in the text of Euclid must be not 
merely understood, but thoroughly digested, before the exercises 
depending upon them can be successfully attempted. 

(ii) The variety of such exercises is practically unlimited; 
and it is imi)0ssible to lay down for their treatment any definite 
methods, such as the student has been accustomed to find in the 
rules of Elementary Arithmetic and Algebra. 

(iii) The arrangement of Euclid’s Propositions, though per- 
haps the most convhicimj of all forms of argument, aftbrds in 
most cases little clue as to the way in which the proof or con- 
struction was discovered, 

Euclid’s propositions are arranged synthetically : that is 
to say, they start from the hypothesis or data ; they next pro- 
ceed to a construction in accordance with postulates, and pro- 
blems already solved ; then by successive steps based on known 
theorems, they finally establish the result indicated by the enun- 
ciation. 

Thus Geometrical Synthesis is a building up of known results, 
in order to obtain a new result. 

But as this is not the way in which constructions or proofs 
are usually discovered, we draw the attention of the student to 
the following hints. 

Begin by assuming the result it is desired to establish ; then 
by worHng backwards, trace the consequences of the assunjption, 
and try to ascertain its dependence on some simpler tlieorem 
which is already known to be true, or on some condition which 
suggests the necessary constniction. If this attempt is suc- 
cessful, the steps of the argument may in general be re-arranged 
in reverse order, and the construction and proof presented in a 
synthetic form. 
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This uuravclliiig of the conditions of a proposition in order 
to trace it back to some earlier principle on which it depends, 
is called geometrical analysis : it is the natural way of attack- 
ing most exercises of a more difficult type, and it is especially 
adapted to the solution of problems. 

These directions are so general that they cannot be said to 
amount to a rnethod: all that can be claimed for Geometrical 
Analysis is that it furnishes a mode of searching for a 
suggestion^ and its success will necessarily depend on the skill 
and ingenuity with which it is employed : these may be expected 
to come with ext^rience, but a thorough grasp of the chief Pro- 
positions of Euclid is essential to attaining them. 

The practical application of these hints is illustrated by the 
following examples. 

1. Constrvuit an isosceles triangle having given the hose, and the 
sum of one of the equal sides and the perpendicular drawn from the 
vertex to the base. 



Let AB be the given base, and K the sum of one side and the 
perpendicular drawn from the vertex to the base. 

Analysis. Suppose ABC to he the required triangle. 

From C draw CX perpendicular to AB : 

then AB is bisected at X. i. 26. 

Now if we produce XC to H, making XH equal to K, 
it follows that CH =CA ; 
and if AH is joined, 

we notice that the angle CAH = the angle CHA. i. 5. 

Now the straight lines XH and AH can be drawn before the position 
of C is known ; 

Hence we have the following construction, which we arrange 
synthetically. 
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Bynthesis. Bisect AB at X : 

from X draw XH perpendicular to AB, making XH equal to K. 
Join AH. 

At the point A in HA, make the angle HAC equal to the angle 
AHX ; and join CB. 

Then ACB shall be the triangle required. 


First the triangle is isosceles, for AC = BC. i. 4. 

Again, since the angle HAC = the angle AHC, Constr, 
.-. HC=AC. I. 6. 

To each add CX ; 

then the sum of AC, CX=the sum of HC, CX 

= HX. 

That is, the sum of AC, CX = K. q. e. f. 


2. To divide a giveM straight line so that the square on one part 
may he double of the square on the other. 


\0 



Let AB be the given straight line. 

Analysis. Suppose AB to be divided as required at X : that is, 
suppose the square on AX to be double of the square on XB. 

Now we remember that in an isosceles right-angled triangle, the 
square on the hypotenuse is double of the square on either of the 
equal sides. 

This suggests to us to draw BC perpendicular to AB, and to make 
BC equal to BX, 

Join XC. 

Then the square on XC is double of the square on XB, i. 47. 

.-. XC = AX. 

And when we join AC, we notice that 

the angle XAC = the angle XCA. i. 5. 

Hence the exterior angle CXB is double of the angle XAC. i. 32. 

But the angle CXB is half of a right angle : i. 32. 

the angle XAC is one-fourth of a right angle. 

This supplies the clue to the following construction 
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Synthesis. From B draw BD perpendicular to AB ; 
and from A draw AC, making BAG one-fourth of a right angle. 
From C, the intersection of AC and BD, draw CX, making the angle 
ACX equal to the angle BAC. i. 28. 

Then AB shall be divided as required at X. 

For since the angle XCA=the angle XAC, 

XA=XC. 1.6. 

And because the angle BXC = the sum of the angles BAC, ACX, z. 32. 
the angle BXC is half a right angle; 
and the angle at B is a right angle; 
therefore the angle BCX is half a right angle ; i. 32. 
therefore the angle BXC = the angle BCX ; 

BX = BC. 

Hence the square on XC is double of the square on XB : i. 47. 
that is, the square on AX is double of the square on XB. q.e.f. 


T. ON THE IDENTICAL EQUALITY OF TRIANGLES. 

See Propositions 4, 8, 26. 

1. If in a triangle the perpendicular from the vertex on the base 
bisects the base, then the triangle is isosceles. 

2. If the bisector of the vertical angle of a triangle is also per- 
pendicular to the base, the triangle is isosceles. 

3. If the bisector of the vertical angle of a triangle also bisects 
the base, the triangle is isosceles. 

[Produce the bisector, and complete the construction after the 
manner of i. 16.] 

4. If in a triangle a pair of straight lines drawn from the ex- 
tremities of the base, making equal angles with the sides, are equal, the 
triangle is isosceles. 

5. If in a triangle the per^ndiculars drawn from the extremities 
of the base to the opposite sides are equal, the triangle is isosceles. 

6. Two triangles ABC, ABD on the same base AB, and on opposite 
sides of it, are such that AC is equal to AD, and BC is equal to BD : 
shew that the line joining the points C and D is perpendicular to AB. 

7. If from the extremities of the base of an isosceles triangle per- 
pendiculars are drawn to the opposite sides, shew that the straight 
line joining the vertex to the intersection of these perpendiculars bisects 
the vertical angle. 
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8. ABC is a triangle in which tlio vertical angle BAC is bisected 
by the strai^t line AX : from B draw BD perpendicular to AX, and 
produce it to meet AC, or AC produced, in E; then shew that BD is 
equal to DE. 

9. In a quadrilateral ABCD, AB is equal to AD, and BC is equal 
to DC : shew that the diagonal AC bisects each of the angles which it 
joins. 

10. In a quadrilateral A BCD the opposite sides AD, BC are equal, 
and also the diagonals AC, BD are equal: if AC and BD intersect at 
K, shew that ea(Si of the triangles AKB, DKC is isosceles. 

11. If one angle of a triangle be equal to the sum of the other two, 
the greatest side is double of the distance of its middle point from the 
opposite angle. 

12. Two right-angled triangles which have their hypotenuses equal, 
and one side of one equal to one side of the other, arc identically equal. 


A D 



B C C' E F 


Let ABC, DEF be two a ** right-angled at B and E, having AC 
equal to DF, and AB equal to DE : 

then shall the A be identically equal. 

For apply the a ABC to the a DEF, so that A may fall on D, 
and AB along DE; and so that C may fall on the side of DE remote 
from F. 

Let C' be the point on which C falls. 

Then since AB = DE, 

.*. B must fall on E ; 

so that DEC' represents the A ABC in its new positioi]. 


Now each of the / ® DEF, DEC' is a rt. l ; ilyp* 

EF and EC' are in one st. line. i. 14, 

Then in the a C'DF, 
because DF=: DC', 

.-. the z DFC'=the Z DC'F. i. 5. 

Hence in the two A® DEF, DEC', 

( the Z DEF = the z DEC', being rt. 

Because < and the Z DFE=the z DC'E; I’roved. 

( also the side DE is common to both ; 
the A* DEF, DEC' are equal in all respects ; i. 26. 


that is, the A* DEF, ABC are equal in all respects. q.s.d. 
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18. If two triangles ham two sides of the one equal to two sides of 
the other, ea/eh to each, and ham likewise the angles opposite to one pai/r 
of equal sides equal, then the angles opposite to the other pair of equal 
sides are either equal or supplementary, and in the fomner case the 
triangles are equal in all respects. 



Let ABC, DEF be two triangles, having the side AB equal to the 
side DE, the side AC equal to the side DF, and the L. ABC equal to 
tlie U DEF ; then shall the U ACB, DFE be either equal or supple- 
mentary, and in the former case the triangles shall be equal in all 
respects. 

If the L. BAC=the u EDF, 
then the triangles are equal in all respects. 

But if the L. BAC be not equal to the L. EDF, one of them 
the greater. 

Let the L- EDF be greater than the L. BAC. 

At D in ED make the L- EDF' equal to the L. BAC. 

Then the A® BAC, EDF' are equal in all respects. 

AC = DF'; 
but AC = DF ; 

DF = DF', 

the DFF'=the Z- DF'F. 

But the U DF'F, DF'E are supplementary, 
the U DFF', DF'E are supplementary : 
that is, the L.® DFE, ACB are supplementary. 

Q.E.D. 


I, 4. 
must be 

I. 26. 

IIyp» 

I. 5. 
I. 13. 


Three cases of this theorem deserve special attention. 

It has been proved that if the angles ACB, DFE are not equal, 
they are supplementary ; 

And we know that of angles which are supplementary and unequal, 
one must be acute and the other obtuse. 
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Corollaries. Hence, in addition to the hypothesis of this 
theorem, 

(i) If the angles ACB, DFE, opposite to the two equal sides 
AB, DE are both acute, both obtuse, or if one of them 
is a right angle, 

it follows that these angles are equal, 
and therefore that the triangles are equal in all respects. 

(ii) If the two given angles are right angles or obtuse angles, 
it follows that the angles ACB, DFE must be both 
acute, and therefore equal, by (i) : 
so that the triangles are equal in all respects. 

(iii) If in each triangle the side opposite the given angle is not 
less than the other given side ; that is, if AC and DF 
are not less than AB and DE respectively, then 
the an^es ACB, DFE cannot be greater than the angles 
ABC, DEF respectively ; 

therefore the angles ACB, DFE, are both acute ; 
hence, as above, they are ccjual ; 
and the triangles ABC, DEF are equal in all respects. 


II. ON INEQUALITIES. 


See Propositions 16, 17, 18, 19, 20, 21, 24, 25. 


1. In a triangle ABC, if AC is not greater than AB, shew that 
any straight line £rawn through the vertex A, and terminated by the 
base BC, is less than AB. 

2. ABC is a triangle, and the vertical angle BAC is bisected by a 
straight line which meets the base BC in X ; shew that BA is greater 
than BX, and CA greater than CX. Hence obtain a proof of i. 20. 

3. The perpendicular is tits shortest straight line that can he 
drawn from a given point to a given straight line; and of others, that 
which is nearer to the perpendicular is less than the more remote ; and 
two, and only two equal straight lines can be drawn from the given 
point to the given straight line, one on each side of the perpendicular, 

4. The sum of the distances of any point from the three angular 
points of a triangle is greater than half its perimeter. 

5. The sum of the distances of any point within a triangle from 
its angular points is less than the perimeter of the triangle. 
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6. The perimeter of a quadrilateral is greater than the sum of its 
diagonals. 

7. The sum of the diagonals of a quadrilateral is less than the 
sum of the four straight lines drawn from the angular points to any 
given point. Prove t&s, and point out the exceptional case. 

8. In a triangle any ttvo sides are together greater than twice the 

median which bisects the remaining side, [See Def. p. 78.] 

[Produce the median, and complete the construction after the 
manner of 1 . 16.] 

9. In any triangle the sum of the medians is less than the peri- 
meter, 

10. In a triangle an angle is acute, obtuse, or a right 

according as the median drawn from it is greater than, less than, or 
equal to half the opposite side. [See Ex. 4, p. 69.] 

11. The diagonals of a rhombus are unequal. 

12. If the vertical angle of a triangle is contained by unequal 
sides, and if from the vertex the median and the bisector of the angle 
are drawn, then the median lies within the angle contained by the 
bisector and the longer side. 

Let ABC be a a, in which AB is greater 
than AC; let AX be the median drawn from 
A, ajid AP the bisector of the vertical 
ZBAC: 

then shall AX lie between AP and AB. 

Produce AX to K, making XK equal to 
AX. JoinKC. 

Then the A' BXA, CXK may be shewn 
to be equal in all respects; i. 4. 

hence BA=CK, and the l BAX=:the l CKX. 

But since BA is greater than AC, Hyp, 

CK is greater than AC; 

the Z CAK is greater than the z CKA: i. 18. 

that is, the Z CAX is greater than the z BAX ; 
the Z CAX must be more than half the vert, z BAC ; 

hence AX lies within the angle BAP. q.e.d. 

l.H. If two sides of a triangle are unequal, and if from their point 
of intersection three straight lines are drawn, namely the bisector of the 
vertical angle, the median, and the perpendicular to the base, the firsX 
is intermediate in position and magnitude to the other two. 


A 
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III. ON PARALLELS. 

See Propositions 27 — 31. 

1. If a straight line meets two parallel straight lines, and the 
two interior angles on the same side are bisected; shew that the 
bisectors meet at right angles, [i. 29, i. 32.] 

2. The straight lines drawn from any point in the bisector of 
an angle parallel to the arms of the angle, and terminated by them, 
are equal ; and the resulting figure is a rhombus. 

8. AB and CD are two straight lines intersecting at D, and the 
adjacent angles so formed are bisected: if through any point X in 
DC a straight line YX2 be drawn parallel to AB and meeting the 
bisectors in Y and 2, shew that XY is equal to X2. 

4. If two straight lines are parallel to two other straight lines, 
each to each; and if the angles contained by each pair are bisected; 
shew that the bisecting lines are parallel. 

5. The middle point of any straight line which meets two parallel 
straight lines, and is terminated by them, is equidistant from the 
parallels. 

6. A straight line drawn between two parallels and terminated by 
them, is bisected ; shew that any other straight line passing through 
the middle point and terminated by the parallels, is also bisected at 
that point. 

7. If through a point equidistant from two parallel straight lines, 
two straight lines are drawn cutting the parallels, the portions of the 
latter thus intercepted are equal. 


Problems. 

8. AB and CD are two given straight lines, and X is a given 
point in AB : find a point Y in AB such that YX may be equal to the 
perpendicular distance of Y from CD. 

9. ABC is an isosceles triangle; required to draw a straight 
line DE parallel to the base BC, and meeting the equal sides in D and 
E, so that BD, DE, EC may be all equal. 

10. ABC is any triangle ; required to draw a straight line DE 
parallel to the base BC, and meeting the other sides in D and E, so 
that DE may be equal to the sum of BD and CE. 

11. ABC is any triangle; required to draw a straight line parallel 
to the base BC, and meeting the other sides in D and E, so that DE 
may be equal to the difference of BD and CE. 

H. E. 


7 
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IV. ON PARALLELOGRAMS. 


See Propositions 33, 34, and the deductions from these Props, 
given on page 64. 


1. The straight line drawn through the middle point of a side of a 
triangle parallel to the base^ bisects the remaining side. 


Let ABC be a A , and Z the middle point 
of the side AB. Through Z, Z Y is drawn par^ A 

to BC ; then shall Y be the middle point of AC. 

Through Z draw ZX par* to AC. i.31. \ 

Then in the a « AZY, ZBX, \y 

because ZY and BC are par*, >/\ \ 

.-.the A AZY = the / ZBX; 1.29. \ \ 

and because ZX and AC are par*, x \ ^ 

.*. the / ZAY = the z BZX; i. 29. B X 0 

also AZ = Z B ; Hyp. 

.*. AY=:ZX. 1.26. 

But ZXCY is a par“ by construction ; 

.*. ZX=YC. I. 34. 

Hence AY=YC; 

that is, AC is bisected at Y. q.b.d. 


2. The straight line which joins the middle points of two sides of a 
triangle^ is parallel to the third side. 

Let ABC be a A , and Z, Y the middle A 

points of the sides AB, AC: 

then shall ZY be par* to BC. 

Produce ZY to V, making YV equal to 

ZY. 

Join CV. 

Then in the asAYZ,CYV, 
r AY = CY, Hyp. 

Because< andYZ=YV, Constr. 


and the z AYZ = the vert. opp. Z CYV ; i. 15. 

.-. AZ = CV, 1.4. 

and the z ZAY = the z VCY; 

hence CV is par* to AZ. i. 27. 

But CV is equal to AZ, that is, to BZ : Hyp, 

.*. CV is equal and par* to BZ : 

ZV is equal and par* to BC : i. 33. 

that is, ZY is par* to BC. q.e.d. 


[A second proof of this proposition may be derived from i. 88, 89.] 
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8. The straight line which joins the middle points of two sides of a 
triangle is equal to half the third side, 

4. Shew that the three straight lines which join the middle points 
of the sides of a triangle^ divide it into four triangles which are identic 
cally equal. 

5. Any straight line d/rawn from the vertex of a triangle to the 
hose is bisected by the straight line which joins the middle points of the 
other sides of the triangle. 

6. Given the three middle points of the sides of a triangle, con- 
struct the triangle. 

7. AB, AC are two given straight lines, and P is a given point 
between them; required to draw through P a straight line termi- 
nated by AB, AC, and bisected by P. 

8. ABCD is a parallelogram, and X, Y are the middle points of 
the opposite sides AD, BC: shew that BX and DY trisect the dia- 
gonal AC. 

9. If the middle points of adjacent sides of any quadrilateral he 
joined^ the figure thus formed is a parallelogram. 

10. Shew that the straight lines which join the middle points of 
opposite sides of a quadrilateral, bisect one another. 

11. The straight line which joins the middle points of the oblique 
sides of a trapezium, is parallel to the two parallel sides, and passes 
through the middle points of the diagonals. 

12. The straight line which joins the middle points of the oblique 
sides of a trapezium is equal to half the sum of the parallel sides ; and 
the portion intercepted between the diagonals is equal to half the 
difference of the parallel sides. 

Definition. If from the extremities of one straight line per- 
pendiculars are drawn to another, the portion of the latter 
intercepted between the perpendiculars is said to be the Ortho- 
gonal Projection of the first line upon the second. 


B 





X 1 


P 1 Y” 


P X Y Q A 

Thus in the adjoining figures, if from the extremities of the straight 
line AB the perpendiculars AX, BY are drawn to PQ, then XY is the 
orthogonal projection of AB on PQ. 


7—2 
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18. A given straight line AB is bisected at C; shew that the pro- 
jeetiom of AC, CB on any other straight line are equal. 



Let XZ, ZY be the projections of AC, CB on any straight line PQ: 
then XZ and ZY shall be equal. 

Through A draw a straight line parallel to PC, meeting CZ, BY 
or these lines produced, in H, K. i. 31. 

Now AX, CZ, BY are parallel, for they are perp. to PQ; i. 28. 
.*. the figures XH, HY are par®*; 

AH = XZ, and HK=ZY. i. 34. 

But through C, the middle point of AB, a side of the A ABK, 
CH has been ^awn parallel to the side BK ; 

CH bisects AK: Ex. 1, p 96. 

that is, AH = HK; 

XZ = ZY. Q.E.D. 


14. If three parallel straight lines make equal intercepts on a 
fourth straight line which meets them, they will also make equal inter- 
cepts on any other straight line which meets them. 

15. Equal and parallel straight lines have equal projections on any 
other straight line. 

1C. AB is a given straight line bisected at O ; and AX, BY are 
perpendiculars drawn from A and B on any other straight line : shew 
that OX is equal to OY. 

17. AB is a given straight line bisected at O : and AX, BY and CZ 
are perpendiculars drawn to any straight line PQ, ivhich does not pass 
between A and B: shew that OZ is equal to half the sum of AX, BY. 

[CZ is said to be the Arithmetic Mean between AX and BY.] 

18. AB is a given straight line bisected at O ; and through A, B 
and O parallel straight lines are drawn to meet a given straight line 
PQ in X, Y, Z : shew that OZ is equal to half the sum, or Imlf the 
difference of AX and BY, according as A and B lie on the same side 
or on opposite sides of PQ. 
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19. To divide a given finite straight line into any number of equal 
parts. 

[For example, required to divide the straight 
line AB into five equal parts. 

From A draw AC, a straight line of un- 
limited length, making any angle with AB. 

In AC take any point P, and mark off 
successive parts PQ, QR, RS, ST each equal 
to AP. 

Join BT ; and through P, Q, R, S draw 
parallels to BT. 

It may be shewn by Ex. 14, p. 98, that these 
parallels divide AB into five equal parts.] 


20. If through an angle of a parallelogram any straight line 
is drawut the perpendicular drawn to it from the opposite angle 
is equal to the sum or difference of the peipendiculars dravm to it 
from the two remaining angles, according as the given straight line 
falls without the parallelogram^ or intersects it. 

[Through the opposite angle draw a straight line parallel to the 
given straight line, so as to meet the perpendicular from one of the 
remaining angles, produced if necessary; then apply i. 34, i. 20. Or 
proceed as in the following example.] 

21. From the angular points of a parallelogram perpendiculars 
are drawn to any straight line which is without the parallelogram: 
shew that the sum of the perpendiculars drawn from one pair of 
opposite angles is equal to the sum of those drawn from the other pair. 

[Draw the diagonals, and from their point of intersection let fall a 
perpendicular upon the given straight line. See Ex. 17, p. 98.] 

22. The sum of the perpendiculars drawn from any point in the 
base of an isosceles triangle to the equal sides is equal to the perpendi- 
cular drawn from either extremity of the base to the opposite side. 

[It follows that the sum of the distances of any point in the base 
of an isosceles triangle from the equal sides is constant, that is, 
the same whatever point in the base is taken.] 

23. In the base produced of an isosceles triangle any point is 
taken : shew that the difference of its distances from the equal sides is 
constant. 



24. The sum of the perpendiculars drawn from any point within 
an equilateral triangle to the three sides is equal to the perpendicul^ 
drawn from any one of the angular points to the opposite side, and is 
therefore constant. 
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Pboblems. 

[Problems marked (*) admit of more than one solution.] 

*25. Draw a straight line through a given point, so that the part of 
it intercepted between two given parallel straight lines may be of given 
length. 

26. Draw a straight line parallel to a given straight line, so that 
the part intercepted between two other given straight lines may be of 
given length. 

27. Draw a straight line equally inclined to two given straight 
lines that meet, so that the part intercepted between them may be of 
given length. 

28. AB, AC are two given straight lines, and P is a given point 
without the angle contained by them. It is required to draw through 
P a straight line to meet the given lines, so that the part intercepted 
between them may be equal to the part between P and the nearer line. 


V. MISCELLANEOUS THEOREMS AND EXAMPLES. 

Chiefly on i. 32. 

1. A is the vertex of an isosceles triangle ABC, and BA is produced 
to D, so that AD is equal to BA ; if DC is drawn^ sjieio that BCD is a 
right angle, 

2. The straight line joining the middle point of the hypotenuse of a 
right-angled triangle to the right angle is equal to half the hypotenvee, 

3. From the extremities of the base of a triangle perpendiculars 
are drawn to the opposite sides (produced if necessary) ; shew that the 
straight lines which join the middle point of the base to the feet of 
the perpendiculars are equal. 

4. In a triangle ABC, AD is drawn perpendicular to BC ; and 
X, Y, Z are the middle points of the sides BC, CA, AB respectively : 
shew that each of the angles ZXY, ZDY is equal to the angle BAC. 

6, In a right-angled triangle^ if a perpendicular he drawn from 
the right angle to the hypotenuse^ the two triangles thus formed are 
equiangular to one another, 

6, In a right-angled triangle two straight lines are drawn from 
the right angUy one bisecting the hypotenuse^ the other perpendicular 
to it : shew that they contain an angle equal to the difference of the two 
acute angles of the triangle, [See above, Ex. 2 and Ex. 5,\ 



THEOREMS AND EXAMPLES ON BOOK I. 


101 


7. In a triangle if a perpendicular be drawn from one extremity 
of the base to th£ bisector of the vertical angle, (i) it will make with 
either of the sides containing the vertical angle an angle equal to half 
the sum of the angles at the base; (ii) it will make with the base an 
angle equal to half the difference of the angles at the base. 


Let ABC be the given a , and AH the bi- 
sector of the vertical z BAG. 

Let CLK meet AH at right angles. 

(i) Then shall each of the z«AKC, ACK 
be equal to half the sum of the z " ABC, 

ACB. 

In the a-AKL, ACL, 

the Z KAL=the Z CAL, 

Because •( also the Z ALK = the z ALC, being rt. L 
and AL is common to both a 
the z AKL=the z ACL. 



I. 26. 


Again, the z AKC=the sum of the z “ KBC, KCB ; i. 32. 
that is, the Z ACK = the sum of the Z “ KBC, KCB. 

To each add the z ACK, 

then twice the z ACK = the sum of the Z “ ABC, ACB, 
the Z ACK=half the sum of the Z " ABC, ACB. 


(ii) The z KCB shall be equal to half the difference of the 

Z ■ ACB, ABC. 

As before, the z ACK = the sum of the Z " KBC, KCB. 

To each of these add the z KCB : 
then the Z ACB = the z KBC together with twice the Z KCB. 

.*. twice the z KCB = the difference of the Z®ACB, KBC, 
that is, the z KCB=half the difference of the z " ACB, ABC. 


CoBOLLABY. If X be the middle point of the base^ and XL he joined, 
it may be shewn by Ex, 3, p. 97, that Xl^is half BK; that is, that 
XL is half the difference of the sides AB, AC. 


8. In any triangle the angle contained by the bisector of the 
vertical angle and the perpendicular from the vertex to the base is equal 
to half the difference of the angles at the base. [See Ex. 3, p. 59.] 

9. In a triangle ABC the side AC is produced to D, and the 
angles BAC, BCD are bisected by straight lines which meet at F ; 
shew that they contain an angle equal to half the angle at B. 

10. If in a right-angled triangle one of the acute angles is double 
of the other, shew that the hypotenuse is double of the shorter side. 

11. If in a diagonal of a parallelogram any two points equidistant 
from its extremities be joined to the opposite angles, the figure thus 
formed will be also a parallelogram. 
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12. ABC is a given equilateral triangle, and in the sides BC, CA, 
AB the points X, Y, Z are taken respectively, so that BX, CY and AZ 
are all equal. AX, BY, CZ are now drawn, intersecting in P, Q, R : 
shew that the triangle PQR is equilateral. 

13. If in the sides AB, BC, CD, DA of a parallelogram ABCD 
four points P, Q, R, S be taken in order, one in each side, so that AP, 
BQ, CR, DS are all equal; shew that the figure PQR^ is a parallek>< 
gram. 

14. In the figure of i. 1, if the circles intersect at F, and if 
CA and CB are produced to meet the circles in P and Q, respectively ; 
shew that the points P, F, Q are in the same straight line; and 
shew also that the triangle CPQ is equilateral. 

[Problems marked (*) admit of more than one solution.] 

15. Through two given points draw two straight lines forming 
with a straight line given in position, an equilateral triangle. 

*16. From a given point it is required to draw to two parallel 
straight lines two equal straight lines at right angles to one another. 

*17. Three given straight lines meet at a point; draw another 
straight line so that the two portions of it intercepted between the 
given lines may be equal to one another. 

18. From a given point draw three straight lines of given lengths, 

so that their extremities may be in the same straight line, and inter- 
cept equal distances on that line. [See Fig. to i. 16.] 

19. Use the properties of the equilateral triangle to trisect a given 
finite straight line. 

20. In a given triangle inscribe a rhombus, having one of its 
angles coinciding with an angle of the triangle. 


VI. ON THE CONCURRENCF4 OP STRAIGHT LINES IN A TRIANGLE. 

Definitions, (i) Three or more straight lines are said to 
be concurrent when they meet in one point. 

• (ii) Three or more points are said to be coUineax when they 
lie upon one straight line. 

We here give some propositions relating to the concurrence 
of certain groups of straight lines drawn in a triangle : the im- 
portance of these theorems will be more fully appreciated when 
the student is familiar with Books iii. and iv. 
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1. Tiu perpendiculars drawn to the sides (if a triangle from their 
middle points are concurrent. 


Let ABC be a a, and X, Y, 2 the 
middle points of its sides : 

then shall the perp* drawn to the 
sides from X, Y, 2 be concurrent. 

From 2 and Y draw perps to AB, AC ; 
these perps, since they cannot be parallel, 
will meet at point O. A:p. 12. 

Join OX. 



It i)t required to prove that OX is perp. fn BC. 

Join OA, OB, OC. 

In the A« OYA, OYC, 

Hyp. 

and OY is common to both ; 
also the L OYA = the z OYC, being rt.i.'. 

OA = OC. 1.4. 

Similarly, from the a* 02 A, 02 B, 
it may be proved that OA — OB. 

Hence OA, OB, OC are all equal. 

Again, in the a" OXB, 0X0 
( BX---CX, Hyp. 

Because -Jand XO is common to both ; 

( alsoOB = OC: Proved. 

.'. the z OXB = the z OXC; i. 8. 

but these are adjacent z ; 

.•. they are rt. l”; Def.l. 

that is, OX is perp. to BC. 

Hence the three perps OX, OY, 02 meet in the i^nut O. 

Q. E. D. 


Because 


2. The bisectors of the angles of a triangle are concurrent. 

Let ABC be a A , Bisect the z " ABC, 

BCA, by straight lines which must meet 
at some point O. Ax. 12. 

Join AO. 

It is required to prove that AO bisects the 

Z BAC. 

From O draw OP, OQ, OR perp. to the 
sides of the a . 

Then in the A" OBP, OBR, 

the z OBP = the z 

Because ^ and the z OPB=the z ORB, being rt. L“, 
and OB is common ; 

OP=OR. 



I. 26. 
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SimUarly from the A' OOP, OCQ, 
it may be shewn that OP=OGt, 

OP, OQ, OR are all equal. 

Again in the a* ORA, OQA, 
ithe L ■ ORA, OQA are rt. L ■, 

Bec8use<“^ •'ypotenuse OA is 
j common, 

\ also OR =00; Proved. ^ PC 

.-. the z RAO = the z QAO. Ex. 12, p. 91. 

That is, AO is the bisector of the z BAG. 

Hence the bisectors of the three z ® meet at the point O. 

Q. E. D. 



3. The bisectors of two exterior angles of a triangle and the 
bisector of the third angle are concurrent. 


Let ABC be a a, of which the sides AB, 
AC are produced to any points D and E. 

Bisect the Z" DBC, ECB by straight lines 
which must meet at some point O. Ax. 12. 
Join AO. 

It is required to prove that AO bisects the 
angle BAC. 

From O draw OP, OO, OR perp. to the 
sides of the a . 

Then in the a^ OBP, OBR, 

/the L OBP = the Z OBR, Constr. 

V and OB is common ; 

OP=OR. 


A 



Similarly in the a® OCP, OCQ, 
it may be shewn that OP = OQ : 

.-. OP, OQ, OR are all equal. 

Again in the A" ORA, OGtA, 

( the Z ■ ORA, OQA are rt. l ", 

Because •] and the hypotenuse OA is common, 

( alsoOR = OQ; Proved. 

.*. the z RAO=the z QAO. Ex. 12, p. 91. 


That is, AO is the bisector of the z BAC. 

.*. the bisectors of the two exterior z * DBC, ECB, 
and of the interior z BAC meet at the point O. 

Q.B.D. 
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4 . The medians of a triangle are concurrent. 


Let ABC be a A. Let BY and CZ be two of its 
medians, and let them intersect at O. 

Join AO, 

and produce it to meet BC in X. 

It is required to shew that AX u the remaining 
median of the A . 

Through C draw CK parallel to BY: 
produce AX to meet CK at K. 

Join BK. 

In the A AKC, 

because Y is the middle point of AC, and YO is 
parallel to CK, 

. O is the middle point of AK. 



Again in the a ABK, 

since Z and O are the middle points of AB, AK, 

ZO is parallel to BK, Ex. 2, p. 96. 

that is, OC is parallel to BK : 

.*. the figure BRCO is a par”. 

But the diagonals of a par” bisect one another, Ex. 5, p. 64. 
X is the middle point of BC. 

That is, AX is a median of the A . 

Hence the three medians meet at the point O. q.e.i). 


Corollary. The three medians of a triangle cut one another at a 
point of trisection, the greater segment in each being towards the 
angular point. 

For in the above figure it has been proved that 
AO=OK, 

also that OX is half of OK; 

OX is half of OA ; 
that is, OX is one third of AX. 

Similarly OY is one third of BY, 
and OZ is one third of CZ. q.e.d. 

By means of this Corollary it may be shewn that in any triangle 
the shorter median bisects the greater side. 

[The point of intersection of the three medians of a triangle is 
called the centroid. It is shewn in mechanics that a thin triangular 
plate will balance in any position about this point : therefore the 
centroid of a triangle is also its centre of gravity.J 
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6. The perpendiculars drawn from the vertices of a triangle to the 
opposite sides are concurrent. 


N A M 



L 


Let ABC be a A, and AD, BE, CF the tliree perp” drawn from 
the vertices to the opposite sides : 

then shall these perp" be concurrent. 

Through A, B, and C draw straight lines MN, NL, LM parallel 
to the opposite sides of the a . 

Then the figure BAMC is a par"*. T)ef. 20. 

AB = MC. 1.34. 

Also the figure BACL is a par”*. 

AB = LC, 

LC = CM : 

that is, C is the middle point of LM. 

So also A and B are the middle points of M N and N L. 

Hence AD, BE, CF are the perp’ to the sides of the a LMN from 
their middle points. Ex. 3, p. 54. 

But these perp" meet in a point: Ex. 1, p. 103. 

that is, the perp" drawn from the vertices of the a ABC to the 
opposite sides meet in a point. q.e.d. 

[For another proof see Theorems and Examples on Book iti.] 
Definitions. 

(i) The intersection of the perpendiculars drawn from the 
vertices of a triangle to the opposite sides is called its ortho- 
centre. 

(ii) The triangle formed by joining the feet of the perpen- 
diculars is called the pedal triangle. 
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VII. ON THE CONSTRUCTION OP TRIANGLES WITH GIVEN TARTS 


No general rules can be laid down for the solution of 
problems in this section ; but in a few typical cases we give 
constructions, which the student will find little difficulty in 
adapting to other questions of the same class. 

1. Construct a right-angled triangle^ having given the hypotenuse 
and the sum of the remaining sides. 

It ia required to construct a rt 
angled a , having its hypotenuse equal 
to the given straight line K, and the sum 
of its remaining sides equal to AB. 

From A draw AE making with BA 
an z equal to half a rt. l. From 
centre B, with radius equal to K, de- 
scribe a circle cutting AE in the points 
C, C'. 

From C and C' draw perp® CD, C'D' to AB ; and join CB, C'B. 
Then either of the A" CDB, C'D'B will satisfy the given conditions. 

Note. If the given hypotenuse K be greater than the perpendicu- 
lar drawn from B to AE, there will be two solutions. If the line K be 
equal to this perpendicular, there will be one solution ; but if less, the 
problem is impossible.] 

2. Construct a right-angled triangle, having given the hypotenuse 
and the difference of the remaining sides. 

3. Construct an isosceles right-angled triangle, having given the 
sum of the hypotenuse and one side. 

4. Constmet a triangle^ having given the perimeter and the angles 
at the base. 




[Let AB be the perimeter of the reciuired a , and X and Y the z " at 
the base. 

From A draw AP, making the Z BAP equal to half the z X. 

From B draw BP, making the Z ABP equal to half the z Y. 
From P draw PQ, making the z A PQ equal to the Z BAP. 

From P draw PR, making the z BPR equal to the z ABP, 

Then shall PQR be the required a .] 
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5. Construct a right-angled triangle, having given the perimeter 
and one acute angle. 

6. Construct an isosceles triangle of given altitude, so that its 

base may be in a given straight line, and its two equal sides may pass 
through two fixed points. [See Ex. 7, p. 49.] 

7. Construct an equilateral triangle, having given the length of 
the perpendicular drawn from one of the vertices to the opposite side. 

8. Construct an isosceles triangle, having given the base, and 

the difference of one of the remaining sides and the perpendicular 
drawn from the vertex to the base. [See Ex. 1, p. 88.] 

9. Construct a triangle, having given the base, one of the angles 
at the base, and the sum of the remaining sides. 

10. Construct a triangle, having given the base, one of the angles 
at the base, and the difference of the remaining sides. 

11. ComtrvLCt a triangle^ having given the base, the difference 
of the angles at the base, and the difference of the remaining sides. 


K 


A B 

[Let AB be the given base, X the difference of the l “ at the base, 
and K the difference of the remaining sides. 

Draw BE, making the L ABE equal to half the L X. 

From centre A, with radius equal to K, describe a circle cutting BE 
in D and D'. Let D be the point of intersection nearer to B. 

Join AD and produce it to C. 

Draw BC, making the i DBG equal to the l BDC. 

Then shall CAB be the A required. Ex. 7, p. 101. 

Note. This problem is possible only when the given difference K 
is greater than the perpendicular drawn from A to BE.] 

12. Construct a triangle, having given the base, the difference of 
the angles at the base, and the sum of thejremaining sides. 

13. Construct a triangle, having given the perpendicular from the 

vertex on the base, and the difference between each side and the 
adjacent segment of the base. ^ 
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14. Construct a triangle, having given two sides and the median 
which bisects the remaining side. [See Ex. 18, p. 102.] 

16. Construct a trian^e, having given one side, and the medians 
which bisect the two remaining sides. 

[See Fig. to Ex. 4, p. 105. 

Let BC be the given side. Take two-thirds of each of the given 
medians ; hence construct the triangle BOC. The rest of the con- 
struction follows easily.] 

16. Construct a triangle^ having given its three medians. 

[See Fig. to Ex. 4, p. 106. 

Take two-thirds of each of the given medians, and construct 
the triangle OKC. The rest of the construction follows easily.] 


VIII. ON AREAS. 

Sec Propositions 35 — 48. 

It must be understood that throughout this section the word 
equal as applied to rectilineal figures will be used as denoting 
equality of area unless otherwise stated. 

1. Shevi that a parallelogram is bisected by any straight line 
which passes through the middle point of one of its diagonals, [i. 29, 
26.] 

2. Bisect a parallelogram by a straight line drawn through a 
given point. 

3. Bisect a parallelogram by a straight line drawn perpendicular 
to one of its sides. 

4. Bisect a parallelogram by a straight line drawn parallel to a 
given straight line. 

6. A BCD is a trapezium in which the side AB is parallel to DC. 
Shew that its area is equal to the area of a parallelogram formed by 
drawing through X, the middle point of BC, a straight line parallel to 

AD. [I. 29, 26.] 

6. A trapezium is equal to a parallelogram whose base is half the 
sum of the parallel sides of the given figure, and whose altitude is 
equal to the perpendicular distance between them. 

7. A BCD is a trapezium in which the side AB is parallel to DC; 
shew that it is double of the triangle formed by joining the extremities 
of AD to X, the middle point of BC. 

8. Shew that a trapezium is bisected by the straight line which 

joins the middle points of its parallel sides. [i. 38.] 
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22. On a base of given length describe a triangle equal to a given 
triangle and having an angle equal to an angle of the given triangle. 

23. Construct a triangle equal in area to a given triangle, and 
having a given altitude. 

24. On a base of given length construct a triangle equal to a 
given triangle, and having its vertex on a given straight line. 

25. On a base of given length describe (ij an isosceles triangle ; 
(ii) a right-angled triangle, equal to a given triangle. 

26. Construct a triangle equal to the sum or difference of two 
given triangles. [See Ex. 16, p. 110.] 

27. ABC is a given triangle, and X a given point: describe a 
triangle equal to ABC, having its vertex at X, and its base in the same 
straight line as BC. 

28. A BCD is a quadrilateral: on the base AB construct a triangle 
equal in area to A BCD, and having the angle at A common with the 
quadrilateral, 

[Join BD. Through C draw CX parallel to BD, meeting AD pro- 
duced in X ; join BX.] 

29. Construct a rectilineal figure equal to a given rectilineal 
figure^ and having fewer sides by one than the given figure. 

Hence shew how to construct a triangle equal to a given rectilineal 
figure. 


30. A BCD is a quadrilateral : it is required to construct a triangle 
equal in area to A BCD, having its vertex at a given point X in DC, 
and its base in the same straight line as AB. 

81. Construct a rhombus equal to a given parallelogram. 

32. Construct a parallelogram which shall have the same area 
and perimeter as a given triangle. 


33. Bisect a triangle by a straight line drawn through one of its 
angular points, 

34. Trisect a triangle by straight lines drawn through one of its 

angular points. [See Ex. 19, p. 102, and i. 38.] 

86. Divide a triangle into any number of equal parts by straight 
lines drawn through one of its angular points. 

[See Ex. 19, p. 99, and i. 88.] 
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86. Bisect a triangle by a straight 
point in one of its sides, 

[Let ABC be the given a , and P the 
given point in the side AB. 

Bisect AB at Z ; and join CZ, CP. 

Through Z draw ZQ parallel to CP. 

Join PQ. 

Then shall PQ bisect the a . 

See Ex. 21, p. 111.] 

37. Trisect a triangle by straight lines drawn from a given point in 
one of its sides, 

[Let ABC be the given a , and X the given 
point in the side BC. 

Trisect BC at the points P, Q. Ex. 19, p. 99. 

Join AX, and through P and Q draw PH 
and QK parallel to AX. 

Join XH, XK. 

These straight lines shall trisect the a; as 
may be shewn by joining AP, AQ. 

See Ex. 21, p. 111.] 

38. Cut off from a given triangle a fourth, fifth, sixth, or any 

part required by a straight line drawn from a given point in one of its 
sides. [See Ex. 19, p. 99, and Ex. 21, p. 111.] 

39. Bisect a quadrilateral by a straight line drawn through an 
angular point. 

[Two constructions may be given for this problem : the first will 
be suggested by Exercises 28 and 33, p. 112. 

The second method proceeds thus. 

Let ABCD be the given quadrilateral, 
and A the given angular point. 

Join AC, BD, and bisect BD in X. 

Through X draw PXQ parallel to AC, 
meeting BC in P ; join AP. 

Then shall AP bisect the quadrilateral. 

Join AX, CX, and use i. 37, 38.] 

40. Cut off from a given quadrilateral a third, a fourth, a fifth, or 

any port required, by a straight line drawn through a given angular 
point. [See Exercises 28 and 85, p. 112.] 

8—2 
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[The following Theorems depend on i. 47.] 

41. In the figure of i. 47, shew that 

(i) the sum of tlie squares on AB and AE is equal to the sum 

of the squares on AC and AD. 

(ii) the square on EK is equal to the square on AB with four 

times the square on AC. 

(iii) the sum of the squares on EK and FD is equal to five 

times the square on BC. 

42. If a straight line be divided into any two parts the square on 
the straight line is greater than the squares on the two parts. 

43. If the square on one side of a triangle is less than the squares 
on the remaining sides, the angle contained by these sides is acute; if 
greater, obtuse. 

44. ABC is a triangle, right-angled at A; the sides AB, AC are 
intersected by a straight line PQ, and BQ, PC are joined : shew that 
the sum of the squares on BQ, PC is equal to the sum of the squares 

on BC, PQ. 

45. In a right-angled triangle four times the sum of the squares 
on the medians which bisect the sides containing the right angle 
is equal to five times the square on the hypotenuse. 

46. Describe a square whose area shall be three times that of 
a given square. 

47. Divide a straight line into two parts such that the sum of 
their squares shall be equal to a given square. 


IX. ON LOCI. 

It is frequently required in the course of Plane Geometry to 
find the position of a point which satisfies given conditions. 
Now all problems of this type hitherto considered have been 
found to be capable of definite determination, though some admit 
of more than one solution : this however will not be the case if 
cmly one condition is given. For example, if we are asked to find 
a point which shall be at a given distance from a given point, 
we observe at once that the problem is indeterminate^ that is, 
that it admits of an indefinite number of solutions ; for the 
condition stated is satisfied by any point on the circumference 
of the circle described from the given point as centre, with a 
radius equal to the given distance : moreover this conation is 
satisfied by no other point within or vnthout the circle. 

Again, suppose that it is required to find a point at a given 
distance a given straight line. 
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Her€^ too, it is obvious that there are an infinite number of 
such points, and that thejr lie on the two parallel straight lines 
which may be drawn on either side of the given straight line at 
the given distance from it : further, no point that is not on one 
or other of these parallels satisfies the given condition. 

Hence we see that when one condition is assigned it is not 
sufiScient to determine the position of a point absolutely, but 
it may have the effect of restricting it to some definite line or 
lines, straight or curved. This leads us to the following definition. 

Definition. The Locus of a point satisfying an assigned 
condition consists of the line, lines, or part of a line, to wnicli 
tiie point is thereby restricted ; provided that the condition is 
satisfied by every point on such line or lines, and by no other. 

A locus is sometimes defined as the path traced out by a 
point which moves in accordance with an assigned law. 

Thus the locus of a point, which is always at a given distance 
from a given point, is a circle of which the given point is the 
centre : and the locus of a point, which is always at a given dis- 
tance from a given straight line, is a pair of parallel straight lines. 

We now see that in order. to infer that a certain line, or 
system of lines, is the locus of a point under a given condition, 
it is necessary to prove 

(i) that any point which fulfils the given condition is on the 
supposed locus; 

(ii) that every point on the sui)i)osed locus satisfies the given 
condition. 


1. Find the locus of a i)oint which in ahoaijs equidutant from 
two given points. 

Let A, B be the two given points. 

(a) Let P be any point equidistant from A I 

and B, so that AP= BP. 

Bisect AB at X, and join PX. 

Then in the a® AXP, BXP, 
r AX = BX, 

Because -land PX is common to both, 

( alsoAP=BP, 

.-. the Z PXA=the z PXB; 
and they are adjacent z ; 

PX is perp. to AB. 

.*. Any point which is equidistant from A and B 
is on the straight line which bisects AB at right angles. 


Conatr, 
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(/3) Also every point in this line is equidistant from A and B. 

For let Q be any point in this Line. 

Join AQ, BQ. 

Then in the AXQ, BXQ, 
f AX=BX, 

Because -! and XQ is common to both ; 

lalso the l AXQ=the l BXQ, being rt. l“; 

Aa=Ba 1.4. 

That is, Ql is equidistant from A and B. 

Hence we conclude that the locus of the point equidistant from 
two given points A, B is the straight line which bisects AB at right 
angles. 


2. To find the locus of the middle point of a straight line drawn 
from a given point to meet a given straight line of unlimited length, 

B F X V_ Q 


Let A be the given point, and BC the given straight line of un- 
limited length. 

(a) Let AX be any straight line drawn through A to meet BC, 
and let P be its middle point. 

Draw AF perp. to BC, and bisect AF at E. 

Join EP, and produce it indefinitely. 

Since AFX is a a , and E, P the middle points of the two sides AF, AX, 
EP is parallel to the remaining side FX. Ex. 2,*p. 96. 
P is on the straight line which passes through the fixed point E, 
and is parallel to BC. 



For, in this straight line take any point Q. 

Join AQ, and produce it to meet BC in Y. 

Then FAY is a a , and through E, the middle point of the side AF, EGt 
is drawn parallel to the side FY, 

, Q is the middle point of AY. Ex. 1, p. 96. 

Hence the required locus is the straight line drawn parallel to BC, 
and passing through E, the middle point of the perp. from A to BC* 
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3. Find the U>cu8 of a point equidittant frcm two given inter- 
secting straight lines. [See Ex. 3, p, 49.] 

4. Find the locus of a point at a given radial distance from the 
circumference of a given circle. 

6. Find the locus of a point which moves so that the sum of its 
distances from two given intersecting straight lines of unlimited 
length is constant. 

6. Find the locus of a point when the differences of its distances 
from two given intersecting straight lines of unlimited length is 
constant. 

7. A straight rod of given length slides between two straight 

rulers placed at right angles to one another: find the locus of its 
middle point. [See Ex. 2, p. 100.] 

8. On a given base as hypotenuse right-angled triangles are 
described: find the locus of their vertices. 

9. AB is a given straight line, and AX is the perpendicular drawn 
from A to any straight Une passing through B: find the locus of 
the middle point of AX. 

10. Find the locus of the vertex of a triangle, when the base and 
area are given. 

11. Find the locus of the intersection of the diagonals of a paral- 
lelogram, of which the base and area are given. 

12. Find the locus of the intersection of the medians of a triangle 
described on a given base and of given area. 


X. ON THE INTERSECTION OF LOCI. 

It appears from various problems which have already been 
considered, that we are often required to find a point, the 
position of which is subject to two given conditions. The method 
of loci is very useful in the solution of problems of this kind : 
for corresponding to each condition there will be a locus on 
which the required point must lie ; hence all points which are 
common to these two loci, that is, all the points of intersection 
of the loci, will satisfy both the given conditions. 
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Example 1. To comtruct a triangle^ having given the baee^ the 
altittide, and the length of the median which bUecte the base. 

Let AB be the given base, and P and Q the lengths of the altitude 
and median respectively: 

then the triangle is known if its vertex is known. 

(i) Draw a straight line CD parallel to AB, and at a distance 
from it equal to P : 

then the required vertex must lie on CD. 

(ii) Again, from the middle point of AB as centre, with radius 
equal to Q, describe a circle : 

then the required vertex must lie on this circle. 

Hence any points which are common to CD and the circle, 
satisfy both the given conditions: that is to say, if CD intersect the 
circle in E, F each of the points of intersection might be the vertex 
of the required triangle. This supposes the length of the median 
Q to be greater than the altitude. 

Example 2. To find a point equidistant from three given points 
A, B, C, which arc not in the same straight line. 

(i) The locus of points equidistant from A and B is the straight 

line PQ, which bisects AB at right angles. Ex. 1, p. 115. 

(ii) Similarly the locus of points equidistant from B and C is 
the straight line RS which bisects BC at right angles. 

Hence the point common to PC and RS must satisfy both con- 
ditions; that is to say, the point of intersection of PC and RS will 
be equidistant from A, B, and C. 

These principles may also be used to prove the theorems 
relating to concurrency already given on page 103. 

Example. To prove that the bisectors of the angles of a triangle 
are concurrent. 

Let ABC be a triangle. 

Bisect the ABC, BCA by straight 
lines BO, CO: these must meet at 
some point O. Ax. 12. 

Join OA. 

Then shall OA bisect the / BAC. 

Now BO is the locus of points equi- 
distant from BC,_BA ; Ex. 3, p. 49. 

Similarly CO is the locus of points B P 

equidistant from BC, CA. 

OP=OC; hence OR:=OC. 

.*. O is on the locus of points equidistant from AB and AC : 
that is OA is the bisector of the z BAC. 

Hence the bisectors of the three Z ” meet at the point O. 
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It may happen that the data of the problem are so related 
to one another that the resulting loci do not intersect : in this 
case the problem is impossible. 

For example, if in Ex. 1, page 118, the length of the given 
median is less than the given altitude, the straight line CD will 
not be intersected by the circle, and no triangle can fulfil the 
conditions of the problem. If the length of the median is equal 
to the given altitude, one point is common to the two loci; 
and consequently only one solution of the problem exists : 
and we have seen that there are two solutions, if the median 
is greater than the altitude. 

In examples of this kind the student should make a point 
of investigating the relations which must exist among the data, 
in order that the problem may be possible ; and he must observe 
that if under certain relations two solutions are possible, and 
under other relations no solution exists, there will always be 
some intermediate relation imder which one and only one solution 
is possible. 


EXAMPLES. 

1. Find a point in a given straight line which is equidistant 
from two given points. 

2. Find a point which is at given distances from each of two 
given straight lines. How many solutions are possible? 

3. On a given base constnict a triangle^ having given one angle at 
the base and the length of the opposite side. Examine the relations 
which must exist among the data in order that there mag be two solu- 
tions, one solution, or that the problem may be impossible. 

4. On the base of a given triangle construct a second triangle 
equal in area to the first, and having its vertex in a given straight 
line. 

5. Construct an isosceles triangle equal in area to a given 
triangle, and standing on the same base. 

6. Find a point which is at a given distance from a given point, 
and is equidistant from two given parallel straight lines. 
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Book II. deals with the areas of rectangles and squares. 


Definitions. 

1. A Rectangle is a parallelogram which has one of 
its angles a right angle. 

It should be remembered that if a parallelogram has one right 
angle, all its angles are right angles. [Ex. 1, p. 64.] 

2. A rectangle is said to be contained by any two of 
its sides which form a right angle : for it is clear that both 
the form and magnitude of a rectangle are fully determined 
when the lengths of two such sides are given. 

Thus the rectangle ACDB is said . -B 

to be contained by AB, AC; or by CD, 

DB : and if X and Y are two straight 
lines equal respectively to AB and AC, 
then the rectangle contained by X and Y 

is equal to the rectangle contained by 

AB, AC. C D 

[See Ex. 12, p. 64.] X 

Y 

After Proposition 3, we shall use the abbreviation 
recL AB, AC to denote the rectangle contained by and 

AC. 


3. In any parallelogram the figure formed by either 
of the parallelograms about a diagonal together with the 
two complements is called a gnomon. 


Thus the shaded portion of the annexed 
figure, consisting of the parallelogram EH 
together with the complements AK, KC is 
the gnoinon AHF. 

The other gnomon in the figure is that 
which is made up of AK, GF and FH, 
namely the gnomon AFH. 
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Introductory. 

Pure Geometry makes no use of number to estimate the 
magnitude of the lines, angles, and iigiires with which it deals : 
hence it requires no unite of magnit'ilde such as the student is 
familiar with in Arithmetic. 

For example, though Geometry is concerned with the relative 
lengths of straight lines, it does not seek to express those lengths 
in terms of yards^ feet, or inohee: similarly it does not ask how 
many square yards or square feet a given figure contains, nor how 
many degrees there are in a given angle. 

This constitutes an essential difference between the method 
of Pm*e Geometry and that of Arithmetic and Algebra; at the 
same time a close connection exists between the results of these 
two methods. 

In the case of Euclid’s Book II., this connection rests upon 
the fact that the number of units of area in a rectangular figure 
is found by multiplying together the numbers of imits of length in 
two adjacent sides. 

For example, if the two sides AB, AD 
of the rectangle A BCD are respectively 
four and three inches long, and if through 
the points of division parallels are drawn 
as in the annexed figure, it is seen that 
the rectangle is divided into three rows, 
each containing four squai'e inches, or 
into four columns, each containing three 
square inches. 

Hence the whole rectangle contains 3x4, or VI, square 
inches. 

Similarly if AB and AD contain m and n units length 
respectively, it follows tliat the rectangle ABCD will contain mn 
units of area: further, if AB and AD are equal, each containing 
m units of length, the rectangle becomes a square, and contains 
m^ units of area. 

[It must he understood that this explanation implien that the 
lengths of the straight lines AB, AD are commensurahle, that is, that 
they can be expressed exactly in terms of some common unit. 

This however is not always the case: for example, it may be 
proved that the side and diagonal of a square are so related, that 
it is impossible to divide either of them into equal parts, of which the 
other contains an exact number » Such lines are said to be Inconunen- 
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turaUe. Hence if the adjacent sides of a rectangle are incommen- 
surable, we cannot choose any linear unit in terms of which these 
sides may be exactly expressed ; and thus it will be impossible to sub- 
divide the rectangle into squares of unit area, as illustrated in the 
figure of the preceding page. We do not here propose to enter 
further into the subject of incommensurable quantities: it is suffi- 
cient to point out that further knowledge of them will convince the 
student that the area of a rectangle may be expressed to any required 
degree of accuracy by the product of the lengths of two adjacent 
sides, whether those lengths are commensurable or not. ] 

From the foregoing explanation we conclude that tJie rectangle 
contained hy two straight lines in Geometry corresponds to the 
product of two numbers in Arithmetic or Algebra ; and that the 
square described on a straight line corresponds to the s<mare of 
a number. Accordingly it will be found in the coui*se of Book II. 
that several theoi-ems relating to the areas of rectangles and 
squares are analogous to well-known algebraical formulae. 

In view of these principles the rectangle contained by two 
straight lines AB, BC is sometimes expressed in the form of a 
product, as AB.BC, and the square descril)ed on AB as AB-. 
This notation, together with the signs -f- and - , will be employed 
in the additional matter appended to this book; hut it is not 
admitted into Euclid)s text because it is desirable in the first 
instance to emphasize the distinction between geometrical mag- 
nitudes themselves and the numerical equivalents by which they 
may be expressed arithmetically. 

y PllOPOSlTJON 1. TuEUREM. 

^ If there are two straight lines, one of which is divided 
into any number of parts, the rectangle contained hy the 
two straight lines is equal to the sum of the rectangles con- 
tained hy the undivided straight line and the several parts 
of the divided line. 

Let P and AB be two straight lines, and let AB be 
divided into any number of parts AC, CD, DB : 

^ then shall the rectangle contained by P, AB be equal 
to the sum of the rectangles contained by P, AC, by P, CD, 
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From A draw AF perp. to AB ; i. 11. 

and make AG equal to P. i. 3. 

Through G draw GH par* to AB; i. 31. 

and through C, D, B draw CK, DL, BH par* to AG. 

Now the fig. AH is made up of tlie figs. AK, CL, DH : 
and of these, 

the fig. AH is the rectangle contained by P, AB; 
for the fig. AH is contained by AG, AB ; and AG = P : 
and the fig. AK is the rectangle contained by P, AC ; 
for the fig. AK is contained by AG, AC ; and AG ~ P : 
also the fig. CL is tlie rectangle contained by P, CD ; 
for the fig. CL is contained by CK, CD ; 
and CK - - the opp. side AG, and AG - P : i. 34. 

similarly the fig. DH is the rectangle contained by P, DB. 

the rectangle contained by P, AB is equal to the 
sum of the rectangles contained by P, AC, by P, CD, and 
by P, DB. Q.E.D. 


CORRESPONDING ALGEBRAICAL FORMULA. 

In accordance with the principles explained on page 122, the result 
of this proposition may be written thus : 

P. AB = P. AC+P.CD + P.DB. 

Now if the line P contains p units of length, and if AC, CD, DB 
contain a, 6, c units respectively, 

then AB=a + l>+c, 

and we have jp (a + 6 + c) =pa +p6 +|)C. 
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Pkoposition 2. Theorem. 

If a straight line is divided into any two pa/rts, the 
square on the whole line is equal to the sum of the rectangles 
contained by the whole Ivm and ea>ch of the parts. 

A C B 


D F E 

Let the straight line AB be divided at C into the two 
parts AC, CB : 

then shall the sq. on AB be equal to the sum of the 
rects. contained by AB, AC, and by AB, BC. 

On AB describe the square ADEB. i. 46. 

Through C draw CF par^ to AD. i. 31. 

Now the fig. AE is made up of the tigs. AF, CE : 
and of these, 

the fig. AE is the sq. on AB : Constr. 

and the fig. AF is the rectangle contained by AB, AC ; 
for the fig. AF is contained by AD, AC ; and AD = AB ; 
also the tig. CE is the rectangle contained by AB, BC ; 
for the fig. CE is contained by BE, BC ; and BE = AB. 

.•. the sq. on AB = the sum of the rects. contained by 
AB, AC, and by AB, BC. Q.E.D. 


CORRESPONDING ALGEBRAICAL FORMULA. 

The result of this proposition may be written 

AB3=AB. AC + AB.BC. 

Let AC contain a units of length, and let CB contain h units, 
then AB =:a+&t 

and we have {a+h)^={a + h)a+{a+h)h. 
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Proposition 3. Theorem. 

If a straight lim is divided into any two parts^ 
rectangle contained hy the whole and one of the parts is 
equal to the square on that part together with the rectangle 
contained hy the two parts. 

A C B 


F D E 

Let the straight line AB he divided at C into tlie two 
parts AC, CB: 

then shall the rect. contained by AB, AC be equal lo tlje 
sq. on AC together with the rect. contained by AC, CB. 

On AC describe the square AFDC ; i. 46. 

and through B draw BE parHo AF, meeting FD produced in E. 

l. 31. 

Now the fig. AE is made up of the figs. AD, CE ; 
and of these, 

the fig. AE = the rect. contained by AB, AC ; 
for AF - AC ; 

and the fig. AD is the sq. on AC ; Constr, 
also the fig. CE is the rect. contained by AC, CB ; 
for CD = AC. 

.•. the rect. contained by AB, AC is equal to the sq. on 
AC together with the rect. contained by AC, CB. q.k.d. 

corresponding algebraical formula. 

This result may be written AB . AC= AC2+ AC . CB. 

Let AC, CB contain a and b units of length respectively, 
then AB=a + 6, 

and we have (a + a = + ab. 

Note. It should be observed that Props. 2 and 3 are special caset 
of Prop. 1. 
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Proposition 4. Theorem. 

L ^ 

If a straight line is divided into any two pa/rts, the 
squa/re on the whole li/ne is equal to the sum of the squares 
on the two parts together with twice the rectangle contained 
by the two parts. 



Let the straight line AB be divided at C into the 
two parts AC, CB : 

then shall the sq. on AB be equal to the sum of the 
sqq. on AC, CB, together with twice the rect. AC, CB. 

On AB describe the square ADEB ; t. 4G. 

and join BD. 

Through C draw CF par^ to BE, meeting BD in G. i. 31 . 
Til rough G draw HGK par^ to AB. 

It is first required to shoAv that the fig. CK is the 

sq. on BC. 

Because the straight line BGD meets the par^® CG, AD, 
the ext. angle CGB = the int. opp. angle ADB. i. 20. 


But AB = AD, being sides of a square ; 

.*. the angle ADB = the angle ABD ; i. 5. 

the angle CGB = the angle CBG. 

CB - CG. I. 6. 

And the opp. sides of the par™ CK are equal ; i. 34. 
the fig. CK is equilateral ; 
and the angle CBK is a right angle ; Def 28, 
CK is a square, and it is described on BC. i. 46, Cor. 

Similarly the fig. HF is the sq. on HG, that is^the sq. 
on AC, 

for HG = the opp. side AC. n 34, 
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Again, the complement AQ = the complement QE. i. 43. 

But the fig. AQ = the rect. AC, CB ; for CQ = CB. 

.’. the two figs. AQ, QE - twice the rect. AC, CB. 

*Now the sq. on AB = the fig. AE 

= the figs. HF, CK, AQ, QE 
= the sqq. on AC, CB together with 
twice the rect. AC, CB. 

.*. the sq. on AB = the sum of the sqq. on AC, CB ynth 
twice the rect. AC, CB. Q.E.D. 

* For the purpose of oral work, this step of the proof 
may conveniently be arranged as follows : 

Now the sq. on AB is equal to the fig. AE, 

that is, to the figs. HF, CK, AQ, QE ; 
that is, to the sqq. on AC, CB together 
with twice the rect. AC, CB. 

Corollary. ParaHelogranis about the diagonals of a 
square are themselves squares. 


CORRESPONDING ALGEBRAICAL FORMULA. 

The result of this important Proposition may be written Lhus . 

ABi2= AC2 + CB2 + 2AC . CB. 

Let AC = a, and CB = 6; 

then AB=a + &, 

and we have (a + hf = a- + + 2a6. 


H. R. 


9 
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EUCLID'S ELEMENTS. 


Pbopqsition 5. Theobem. 

If a straight line ie divided equally omd also wnequaUy^ 
the rectxmgle contained by the unequal parts, and the square 
on the line hetrveen the points of section, are together equal to 
the square on half the line, 

A p Q B 

L 


C ED 

Let the straight line AB be divided equally at P, and 
unequally at Q : 

then the rect. AQ, QB and the sq. on PQ shall be to- 
gether equal to the sq. on PB. 

On PB describe the square PCDB. i. 46. 

Join BC. 

Through Q draw QE par^ to BD, cutting BC in F. I. 31. 
Through F draw LFHG par^ to AB. 

Through A draw AG par* to BD. 

Now the complement PF = the complement FD : i. 43. 
to each add the fig. GL; 
then the fig. PL = the fig. QD. 

But the fig. PL = the fig. AH, for they are par™ on 
equal ba^es and between the same par**. l 36. 

the fig. AH =the fig. QD. 

To each add the fig. PF ; 
then the fig. AF = the gnomon PLE. 

Now the fig. AF = the rect. AQ, QB, for QB = QF ; 

.*. the rect. AQ, QB = the gnomon PLE. 

To each add the sq. on PQ, that is, the fig. HE ; ii. 4. 
then the rect. AQ, QB with the sq. on PQ 

= the gnomon PLE with the fig. HE 
= the whole fig. PD, 
which is the sq. on PB. 
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That is, the rect. AQ, QB and the 
equal to the sq. on PB. 


sq. on PQ are together 
Q.E.D. 


Corollary. From this rroposition it loiiows that the 
difference of the squares on two straight lines is equal to the 
rectangle contained by their sum and difference. 

For let X and Y be the given a P Q B 

st. lines, of which X is the greater. ' * ^ 

Draw AP equal to X, and pro- X- " - 

duce it to B, making PB equal to Y 
AP, that is to X. 

From PB cut off PGl equal to Y. 

Then AQ is equal to the sum of X and Y, 
and GIB is equal to the difference of X and Y. 

Now because AB is divided equally at P and unequally at Q, 

.*. the rect. AQ, QB with sq. on PQ = the sq. on PB; ii. 5. 
that is, the difference of the sqq. on PB, PQ=the rect. AQ, QB, 
or, the difference of the sqq. on X and Y=the rect. contained by the 
sum and the difference of X and Y. 


CORRESPONDING ALGEBRAICAL FORMULA, 

This result may be written 

AQ.QB + PQ2=PB2. 

Let AB = 2tt; and let PQ=6; 

then AP and PB each = a. 

Also AQi—a + b; and QB=a-6. 

Hence we have 

(a + ft) (a - b) + 6^= a*, 
or (u + b) (a- b)=tt^- 6®. 

EXERCISE. 

In the above figure shew that AP is half the sum of AQ and QB; 
and that PQ is half their difference. 


9—2 
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Euclid’s elements. 


PnoPosiTiON 6. Theorem. 

If a straight line is bisected and produced to any pointy 
the rectangle contained by the whole line thus produced^ and 
the part of it produced^ together with the square on half 
the line bisected^ is equal to the square on the straight line 
made up of the half and the part produced. 


A P B Q 



C ED 


Let the straiglit line AB be bisected at P, and pro- 
duced to Q : 

then tlie rect. AGl, QB and tlie sq. on PB shall bo to- 
gether ecjual to the sq. on PQ. 

On PQ describe the s(|uare PCDQ. i. 40. 

Join QC. 

Through B draw BE par^ to QD, meeting QC in F. i. 31. 
Through F draw LFHG par^ to AQ. 

Through A draw AG par^ to QD. 

^^ow the complement PF = the complement FD. i. 43. 
Hut the hg. PF = the lig. AH ; foi- they are par"*® on 
equal bases and between the same par^®. i. 30. 

the fig. AH - the fig. FD. 

To each add the fig. PL; 
then the fig. AL - the gnomon PLE. 

Now the fig. AL - the rect. AQ, QB, for QB : QL ; 

. . the rect. AQ, QB — the gnomon PLE. 

To each add the sq. on PB, that is, the hg. HE ; 
then the rect. AQ, QB with the sq. on PB 

the gnomon PLE with the fig. HE 
- the whole fig. PD, 
which is the square on PQ. 

That is, the I’ect. AQ, QB and the s<|. on PB ai’e tog<ithcr 
equal to the sq. on PQ. <v».E.D, 
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CX)RRESPONDINQ ALGEBRAICAL FORMULA. 

This result may be written 

AQ.QB + PB2=PQ‘. 

Let AB=2a; and let PG1=6; 

then AP and PB each = a. 
AlsoAGl=a + 6; and QB = !!>- «. 

Hence we have 

^a + h) {h^a) + a^==h\ 
or {b + a) [h- — a“. 


Definition. If a point X is taken in a straight line AB, or in AB 
produced, the distances of the 

point of section from the ex- A X b 

tremitiea of AB are said to be *" 

the segments into which AB is 

divided at X. 7 ^ ^ 

In the former case AB is ^ da 

divided internally, in the latter case externally. 

Thus in the annexed figures the segments into which AB is 
divided at X are the lines XA and XB. 

This definition enables us to include Props. 5 and 6 in a single 
Enunciation. 

If a straight line is bisected, and also divided {internally or ex- 
ternally) into tico unequal segnuoits, the rectangle contained by the un- 
equal segments is equal to the difference of the squares on half the liia\ 
and on the line between the jwinis of section. 


EXERCISE. 


Shew that the Enunciations of Props. 5 and (I may take the 
following form : 

The rectangle contained by two straight lines is equal to the differ- 
ence of the squares on half their sum and on half their difference. 

[See Ex., p. 129.] 
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suolid's elements. 


Proposition 7. Theorem. 

If a straight line is divided into any two parts, the svm 
of the squares on the whole line and on one of the parts 
is equal to twice the rectangle contained by the whole and 
that part, together with the square on the other part. 



Let the straight line AB be divided at C into the two 
parts AC, CB : 

then shall the sum of the sqq. on AB, BC be equal to 
twice the rect. AB, BC together with the sq. on AC. 

On AB describe the square ADEB. i. 46. 

Join BD. 

Tlirough C draw CF par^ to BE, meeting BD in G. i. 31. 
Through G draw HGK par^ to AB. 

Now the complement AG = tlie complement GE; t. 43. 
to each add the lig. CK: 
then the tig. AK the fig. CE. 

But tlie tig. AK = the rect. AB, BC ; for BK - BC. 
the two tigs. AK, CE twice the rect. AB, BC. 

But the two figs. AK, CE make up the gnomon AKF and the 
fig. CK : 

the gnomon AKF with the fig. CK = twice the rect. AB, BC. 
To each add the fig. HF, which is the sq. on AC : 
then the gnomon AKF with tlie figs. CK, HF 

= twice tlie rect. AB, BC with the sq. on AC. 

Now the sqq. on AB, BC = the figs. AE, CK 

=:the gnomon AKF with tho 
figs. CK, HF 

= twice the rect. AB, BC' with 
the sq. on AC. 
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CORRESPONDING ALGEBRAICAL FORMULA. 

The result of this proposition may be written 
AB« + BC2=2AB. BC + AC2. 
LetAB=a, and BC=b; then AC=a-h. 

Hence we have a^ + b^— 2ab + (a ~ 6)-, 

or {a-h)^=a^-2ab + b\ 


Proposition 8. Theorem. 

If a straight line be divided into any two parts, fcyar 
times the rectangle contained by the whole line and one of 
the parts, together with the square on the other part, is equal 
to the squa/re on the straight line which is made up of the 
whole and that part 

[As this proposition is of little importance we merely give the 
figure, and the leading points in Euclid’s proof.] 


Let AB be divided at C. 

Produce AB to D, making BD equal 
to BC. 

On AD describe the square AEFD; 
and complete the construction as in- 
dicated in the figure. 

Euclid then proves (i) that the figs. 
CK, BN, GR, KO are all equal. 



(ii) that the figs. AG, MP, PL, RF are all equal. 

Hence the eight figures named above are four times the 
sum of the figs. AG, CK; that is, four times the fig. AK; 
that is, four times the rect. AB, BC. 

But the whole fig. AF is made up of these eight figures, 
together with the fig. XH, which is the sq. on AC : 

hence the sq. on AD ™ four times the rect. AB, BC, 
together with the sq. on AC. q.E.D. 


The accompanying figure will suggest a 
less cumbrous proof, which we leave as an 
Bxeroise to the student. 
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Euclid's elements. 


Proposition 9. Theorem. [Euclid's Proof.] 

If a atrcdght line is divided equally and also unequally ^ 
the sum of the squares on the two unequal parts is twice 
the sum of the squa/res on half the line a'od on tlie line 
between the points of section 



Let the straight line AB be divided equally at P, and 
unequally at Q : 

then shall the sum of the sqq. on AQ, QB be twice the 


sum of the sqq. on AP, PQ. 

At P draw PC at rt. angles to AB ; i. 1 1. 

and make PC equal to AP or PB. l. 3. 

Join AC, BC. 

Through Q draw QD par‘ to PC; i. 31. 

and through D draw DE par^ to AB. 

Join AD. 

Then since PA = PC, Constr. 

the angle PAC = the angle PCA. i. 5. 

And since, in the triangle A PC, the angle A PC is a rt. 
angle, Constr, 

.•. the sum of the angles PAC, PCA is a rt. angle: i. 32. 


hence each of the angles PAC, PCA is half a rt. angle. 

So also, each of the angles PBC, PCB is half a rt. angle. 
/. the whole angle AC B is a rt. angle. 

Again, the ext. angle CED = the int. opp. angle CPB, i. 29. 
. •. the angle CED is a rt. angle : 
and the angle ECD is half a rt. angle. Proved, 
.*. also the angle EDC is half a rt. angle ; i. 32; 
the angle ECD = the angle EDC; 

.-. EC = ED. 1.6. 
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Again, tlie ext. angle DQB ^ the int. opp. angle CPB. i. 29. 
. •. the angle DQB is a rt. angle. 

And the angle QBD is half a rt. angle ; Proved. 
also the angle QDB is half a rt. angle : i. 32. 

the angle QBD the angle QDB ; 

QD -QB. I. C. 

Now the sq. on AP = the sq. on PC ; for AP = PC. Conutr. 
But the sq. on AC = the sum of the sqq. on AP, PC, 

for the angle APC is a rt. angle. i. 47. 

.*. the sq. on AC is twice the sq. on AP. 

So also, the sq. on CD is twice tlie sq. on ED, that is, twice 
the sq. on the opp. side PQ. i. 34. 

Now the sqq. on AQ, QB = the sqq. on AQ, QD 

= the sq. on AD, for AQD is a rt. 

angle; i. 47. 

-the sum of the sqq. on AC, CD, 
for AC D is a rt. angle ; i. 47. 
- twice the sq. on AP with twice 
thesq. on PQ. Proved. 

That is, 

the sum of the sqq. on AQ, QB twice the sum of the sqq. 
on AP, PQ, Q.E.D. 


CORRESPOND IN(i ALGRBRAKUL FORMULA. 

The re.siilt of this proposition may ho written 
AQ2+QB2rr2(AP2-i- PQ2). 

Let AB = 2rt ; and PQ=6 ; 

then AP and PB each=:rt. 
AlsoAQ=a + ?^; and QiS—a-h. 

Hence we have 

(a + t)2+(a-&)2=2(a“+?>2). 


[Note. For alternative proofs of thi.s proposition, see page 137 A.] 
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EUCLID’S ELEMENTS. 


PuoposiTioN 10. Theorbm. [Euclid’s Pboop.J 

If a straight line is bisected and produced to any pointy 
the sum of the squares on the whole line thus produced^ and 
on the part produced^ is twice the sum of the squares on half 
the Ihie bisected omd on the line made up of the Ivalf and the 
part produced. 


C 



L(it the st. line AB be bisected at P, and produced to Q: 
tlien shall the sum of the sqq. on AQ, QB be twice the 
sum of the sqq. on AP, PQ. 



At P draw PC at right angles to AB ; 

I. 11. 


and make PC equal to PA or PB. 

I. 3. 


Join AC, BC. 


Through 

Q draw QD par' to PC, to meet CB 

produced 

in D ; 


I. 31. 


and through D draw DE par^ to AB, to meet CP produced 
in E. 


Join AD. 

Then since PA = PC, Constr, 

, \ the angle PAC = the angle PCA. i. 5. 

And since in the triangle APC, the angle APC is a rt. angle, 
the sum of the angles PAC, PCA is a rt. angle. i. 32. 
Hence each of the angles PAC, PCA is half a rt. angle. 

So also, each of the angles PBC, PCB is half a rt. angle. 

.*. the whole angle AC B is a rt. angle. 

Again, tlie ext. angle CPB = the int. opp. angle CED : I. 29. 
.*. the angle CED isi.a rt. angle : 
and the angle ECD is half a rt. angle. Proved, 
the angle EDC is half a rt. angle. i. 32. 
.*. the angle ECD = the angle EDC ; 

.-. EC = ED. ,1. 6. 
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Again, the angle DQB - the alt. angle CPB. i. 29. 

the angle DQB is a rt. angle. 

Also the angle QBD = the vc‘rt. opp. angle CBP ; i. 15. 
that is, the angle QBD is half a rt. angle. 

the angle QDB is half a i‘t. angle : i. 32. 

the angle QBD = the angle QDB ; 

QB=:QD. I. 6. 

Now the sq. on AP ^ the sq. on PC ; for AP = PC. Comtr. 
But the sq. on AC = the sum of the sqq. on AP, PC, 

for the angle APC is a rt. angle. i. 47. 

.\ the sq. on AC is twice the .sq. on AP. 

5o also, the sq. on CD is twice the stp on ED, that is, 
twice the sq. on the opp. side PQ. i. 34. 

Now the sqq. on AQ, QB = tlie sqq. on AQ, QD 

=: the sq. on AD, for AQD is a rt. 

angle ; i. 47. 

- the sum of the sqq. on AC, CD, 
for ACD is a rt. angle ; i. 47. 
twice the sq. on AP with twice 
the sq. on PQ. Proved, 

That is, 

die sum of the sqq. on AQ, QB is twice the sum of the sqq. 
on AP, pa Q.R.D. 


COKKESPOKJllNO .\LGEBRAICAL FOUMIM.A. 

Tlie result of this proposition may be written 
AQ“+ BQ- = 2 (AP2-j- PQ2). 

Let AB = 2rt; and PQ, = h\ 

then AP and PB each = a. 

Also AQ = (/ + //; and BQ,= h~a. 

Hence we have 

(a+^)" + {b-a)2 = 2(a2 + /y2). 

[Nom For alternative prooft of this protKjsition, sec page 137 n.l 
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Euclid’s elements. 


Proposition 9. [Alternative Proof.] 

If a straight line is divided equally and also unequally 
the sum of the squares on the two unequal •parts is twice the 
sum of the squares on half the line and on the line between 
the points of section. 


A 


P a B 


lici the straight line AB bo dividod equally al. P and 
unequally at Q : 

then shall the sum of tlie sqq. on AQ, QB be twice the 
sum of the sqq. on AP, PQ. 

For since AQ is divided at P, 

the sq. on AQ~the sum of tlie sqq. on AP, PQ with 
twice the rect. AP, PQ. ii. 4. 

And because PB is divided at Q, 

.*. the sq. on QB with twice the r(‘ct-. PB, PQ - the sum 
of the sqq. on PB, PQ. li. 7. 

Adding together these pairs of equals, 
the sqq. on AQ, QB with twice the rect. PB, PQ = the 
sum of the sc^q. on AP, PQ, PB, PQ with twice tlu^ rect. 

AP, PQ. 

But twice the rect. PB, PQ = twice the r(‘ct. AP, PQ. 
Hence the sqq. on AQ, QB 

■ - the sum of the sqq. on AP, PQ, PB, PQ 
twice the sum of the sqq. on AP, PQ. 

A more concise proof of this proposition may he obtained from 
II. 4 and 6, as follows : 

For AQ.QB = PB2-PQ2. ii. 6. 

But AQ2 + QB2=AB»-2AQ.QB ii. 4 

=4PB2-2(PB2-PQ2) 

=2PB2+2PQ2. 
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Proposition 10. [Alternative Proof.] 

1/ a straight line is bisected and produced to any pointy 
the sum of the squares on the whole line thus produced and 
on the part producedy is twice the sum of the squares on half 
the line bisected and on the line made up of the half and the 
part produced. 


A p B O 


Let the st. line AB be bisected at P and produced to Q : 

then shall the sum of the sqq. on AQ, GIB be twice the 
sum of the sqq. on AP, PQ. 

For since AQ is divided at P, 

the sq. on AQ^the sum of the sqq. on AP, PQ with 
twice the rect. AP, PQ. ii. 4. 

And because PQ is divided at B, 

the sq. on QB with twice the rect. PQ, PB = the sum 
of the sqq. on PQ, PB. ii. 7. 

Adding together these pairs of equals, 

the sqq. on AQ, QB with twice the rect. PQ, PB = the 
sum of the sqq. on AP, PQ, PQ, PB with twice the rect. 
AP, PQ. 

But twice the rect. PQ, PB = twice the rect. AP, PQ; 
the sqq. on AQ, QB 

= the sum of the sqq. on AP, PQ, PQ, PB 
— twice the sum of the sq(j. on AP, PQ. 

A concise proof of this proposition may also be obtained from 
II. 6 and 7, as follows: 

For AQ . QB = POP - PBK ii. 6. 

But AQ2+QB2=2AQ.QB + AB^ ii. 7 

=2(PQ*-PB2) + 4PB2 
=2PB3+2PQ2. 
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EUCLID’S ELEMENTS. 


Proposition 11. Problem. 

To divide a given straight line into two parts^ so that 
the rectangle contained hy the whole and one pa/rt may be 
equal to the square on the other part. 


C K D 

Let AB be the given straight line. 

It is required to divide it into two parts, so that tho 
rectiuigle contained by the whole and one part may be 
equal to the square on the other part. 


On AB describe the square ACDB. I. 46. 

Bisect AC at E. i. 10. 

Join EB. 

Produce CA to F, making EF equal to EB. l. 3. 
On AF describe the square AFGH. I. 46. 


Then shall AB be divided at H, so that the rect. AB, BH is 
equal to the sq. on AH. 

Produce GH to meet CD in K. 

Then because CA is bisected at E, and produced to F, 

.-. the rect. CF, FA with the sq, on AE = the sq. on FE ii. 6. 

= the sq. on EB. Constr. 

But the sq. on EB the sum of the sqq. on AB, AE, 

for the angle EAB is a rt. angle. i. 47. 

/. the rect. CF, FA with the sq. on AE = the sum of the 
sqq. on AB, AE. 

From these take the sq. on AE : 
then the rect. CF, FA = the sq. on AB. 
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But the rect. CF, FA = the fig. FK ; for FA = FQ ; 
and the sq. on AB = the fig. AD. Conatr. 

.-. the fig. FK=.thefig. AD. 

From these take the common fig. AK, 
then the remaining fig. FH = the remaining fig. HD. 

But the fig. HD = the rect. AB, BH ; for BD = AB; 
and the fig. FH is the sq. on AH. 

.*. the rect. AB, BH =the sq. on AH. q.e.f. 


Definition. A straiglit line is said to be divided in Medial Section 
when the rectangle contained by the given line and one of its segments 
is equal to the square on the other segment. 

The student should observe that this division may be internal or 
external. 

Thus if the straight line AB is divided internally at H, and ex- 
ternally at H', so that 


(i) AB.BH=AH2, 

(ii) AB.BH'=AH'2, 


/ 

H 


A H B 


we shall in either case consider that AB is divided in medial section. 

The case of internal section is alone given in Euclid ii. 11 ; but a 
straight lino may be divided externally in medial section by a similar 
process. See Ex. 21, p. 146. 


ALGEBRAICAL ILLUSTRATION. 

It is required to find a point H in AB, or AB produced, such that 

AB. BH = AH2. 

Let AB contain a units of length, and let AH contain x units; 
then HB = a-a;; 

and X must be such that a {a- x)=x^, 
or x^-\-ax-a^=Q. 

Thus the construction for dividing a straight line in medial section 
corresponds to the algebraical solution of this quadratic equation. 

EXERCISES. 

In the figure of ii. 11, shew that 

(i) if CH is produced to meet BF at L, CL is at right angles 

to BF: 

(ii) if BE and CH meet at O, AO is at right angles to CH : 

(iii) the lines BG, DF, AK are parallel : 

(iv) CF is divided in medial section at A. 
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EUCLID^S ELEMENTS. 


Proposition 12. Theorem. 

In an obtuse-cmgled triangle^ if a ferpendicvla/r is 
drawn from either of the acute angles to the opposite side 
produced^ the square on the side subtending the obtuse a/ngle is 
greater than the squares on the sides containing the obtuse 
angle^ by twice the rectangle contained by the side on which^ 
when produced, the perpendicular falls, and the line inter- 
cepted without the triangle, between the perpendicular and 
the obtuse angle. 



Let ABC be an obtuse-angled triangle, having the obtuse 
angle at C ; and let AD be drawn from A perp. to BC 
produced : 

then shall tJie s<i. on AB be greater than the sqq. on 
BC, CA, by twice the rect. BC, CD. 

Because BD is divided into two parts at C, 
the sq. oil BD - the sum of the sqq. on BC, CD, with twice 
the rect. BC, CD. ii. 4. 

To each add the sq. on DA. 

Then the sqq. on BD, DA = the sum of the sqq. on BC, CD, 
DA, with twice the rect. BC, CD. 

Birt the sum of the sqq. on BD, DA - the sq. on AB, 

for tlie angle at D is a rt. angle. I. 47. 

Similarly tlio sum of the sqq. on CD, DA = the sq. on CA. 

the sq. on AB - the sum of the sqq. on BC, CA, with 
twice the rect. BC, CD, 

That is, tlie sq. on AB is greater than the sum of the 
sqq. on BC, CA by twice the rect. BC, CD. Q.E.D. 

[For alternative Enunciations to Props. 12 and 13 and Exeroises, 
SCO p. 142.] 
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Proposition 1 3. Theorem. 


In every triangle tlie square on the side suhtendiny an 
acute anylCf is less than the squares on the sides containing 
that angle^ by twice the rectangle contained by either qf these 
sides, and the straight line intercepted between the perpen- 
dicular let fall on it from the opposite angle, and the acute 
angle. 



Let ABC be any triangle having the angle at B an 
acute angle ; and let AD be the perp. drawn from A to the 
opp. side BC : 

then shall the sq. on AC be less than the sum of tlie 
sqq. on AB, BC, by twice the rect. CB, BD. 

Kow AD may fall within the triangle ABC, as in Fig. 1, or 
without it, as in Fig. 2. 

■D . . iin Fig. 1. BC is divided into two parts at D, 

ecause 2 bD is divided into two parts at C, 

in both cases, 

the sum of the sqq. on CB, BD = twice the rect. CB, BD with 
the sq. on CD. ii. 7. 

To each add the sq. on DA. 

Then the sum of the sqq. on CB, BD, DA - twice the rect. 
CB, BD with the sum of the sqq. on CD, DA. 

But the sum of tlie sqq. on BD, DA-tlio sq. on AB, 

for the angle ADB is a rt. angle. i. 47. 

Similarly the sum of the sqq. on CD, DA - the sq. on AC. 
.*. the sum of the sqq. on AB, BC, = twice the rect. CB, BD, 
with the sq. on AC. 

That is, the sq. on AC is less than the sqq. on AB, BC 
by twice the rect. CB, BD. q.e.d. 


H. E. 


10 
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Obs, If the perpendicular AD coincides with AC, that is, if ACB 
is a right angle, it may be shewn that the proposition merely repeats 
the result of i. 47. 

Note. The result of Prop. 12 may be written 
AB2= BC2+ CA2 + 2BC . CD. 

Bemembering tlie definition of the Projection of a straight line 
given on page 97, the student will see that this proposition may be 
enunciated as follows : 

In an obtme-an<flcd triangle the square on the side opposite the 
obtuse angle is greater than the sum of the squares on the sides contain- 
ing the obtuse angle by ttcice the rectangle contained by either of those 
sides, and the projection of the other side upon it. 

Prop. 13 may be written 

AC2=: AB2+ BC2 - 2CB . BD, 
and it may also be enunciated as follows : 

In every triangle the square on the side subtending an acute angle, 
is less than the squares on the sides containing that angle, by twice the 
rectangle contained by either of these sides, and the projection of the 
other side upon it. 


KXEKCiSES. 

The following theorem should be noticed ; it is proved by the help 
of II. 1. 

1. If four points A, B, C, D are taken in order on a straight line, 
then will 

AB.CD + BC.AD=AC.BD. 

ON II. 12 AND 13 . 

2. If from one of the base angles of an isosceles triangle a per- 
l)endicular is drawn to the opposite side, then twice the rectangle 
contained by that side and the segment adjacent to the base is equal 
to the square on the base. 

8. If one angle of a triangle is one-third of two right angles, 
shew that the sejuare on the onposite side is less than the sum of the 
squares on the sides forming tnat angle, by the rectangle contained by 
these two sides. [See Ex. 10, p. 101.] 

4. If one angle of a triangle is two -thirds of two right angles, 
shew that the square on the opposite side is greater than the squares 
on the sides forming that an^e, by the rectangle contained by these 
sides. [See Ex. 10, p. 101,] 
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Proposition 14. Problem. 

To describe a squa/re that sfudl he equal to a given recti- 
ineal figure. 



Let A be the given rectilineal figure. 

It is required to describe «*i square equal to A. 
Describe the par™ BODE equal to the fig. A, and having 
the angle CBE a right angle. i. 45. 

^hen if BC = BE, the fig. BD is a square ; and what was 
required is done. 

lut if not, produce BE to F, making EF equal to ED; i. 3. 

and bisect BF at G. i. 10. 

?rom centre G, with radius GF, describe the semicircle BHF: 
produce DE to meet the semicircle at H. 

Then shall the sq. on EH be equal to the given fig. A. 
Join GH. 

?hen because BF is divided equally at G and unequally 
at E, 

*. the rect. BE, EF with the sq. on GE = the sq. on GF ii. 5. 

= thesq. onGH. 

But the sq. on GH = the sum of the sqq. on GE, EH ; 

for the angle HEG is a rt. angle. i. 47.. 

*. the rect. BE, EF with the sq. on GE = tho sum of the 
sqq. on GE, EH. 

From these take the sq. on G E : 
then the rect. BE, EF = the sq. on HE. 

But the rect. BE, EF - the fig. BD ; for EF - ED ; Constr, 
and the fig. BD - the given fig. A. Constr, 
.*. the sq. on EH = the given fig. A. Q.B.F, 


in 9 
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kuolid’s elements. 


THEOREMS AND EXAMPLES ON BOOK II. 
ON II. 4 AND 7 . 


1. Hlmo by ii. 4 tliat the square on a straight line is four times 
the square on half the line. 

[This result is constantly used in solving examples on Book ii, 
especially those which follow from ii. 12 and 13.] 

2. If a straight line is divided into any three parts, the square on 
the whole line is equal to the sum of the squares on the three parts 
together 'with twice the rectangles contained by each pair of these 
parts. 

Shew that the algebraical formula corresponding to this theorem is 
(u + & 4* c)" = ft" + 4" 4* 26c 4" 2cft 4* 2ft6. 

3. In a right-angled triangle, if a perpendicular is drawn from the 
light angle to the hypotenuse, the square on this perpendicular is equal 
to the rectangle contained by the segments of the hypotenuse. 

4. In an isosceles triangle, if a perpendicular be drawn from one 
of the angles at the base to the opposite side, shew that the square on 
the perpendicular is equal to twice the rectangle contained by the 
segments of that side together with the square on the segment 
adjacent to the base. 

5. Any rectangle is half the rectangle contained by the diagonals 
of the squares described upon its two sides. 

6. In any triangle if a perpendicular is drawn from the vertical 
angle to the base, the sum of the squares on the sides forming that 
angle, together with twice the rectangle contained by the segments of 
the base, is equal to the square on the base together with twice the 
square on the perj)endicular. 


ON 11. 6 AND 6. 

The student is reminded that these important propositions arc 
both included in the following enunciation. 

The diffcre'nce of five squares on two straight lines is equal to the 
rectangle contained by their simi and difference. 

7. In a right-angled triangle the square on one of the sides form- 
ing the right angle is equal to the rectangle contained by the sum and 
difference of the hypotenuse and the other side. [i. 47 and ip 5.] 
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8. difference of the squares on two sides of a triangle is equal 
to tvffce the rectangle contained by the base and the intercept between 
the middle point of the base and the foot of the perpendicular drawn 
from the vertical angle to the base. 

Let ABC be a triangle, and let P be the middle point of the base 
BC : let AQ be drawn perp. to BC. 

Then shall AB^- AC2=2BC . PQ. 


A 



B P Q C 


First, let AQ fall within the triangle. 


Now AB2= BQ2 + QA2, i. 47. 

also AC2=QC2 + QA2, 

AB2 - AC2= BQ2 - QC2 Ax. 3. 

= (BQ + QC) (BQ ~ QC) ii. 5. 

= BC.2PQ Ex. 1, p. 129. 

= 2BC.PQ. Q.r..i>. 


The case in which AQ falls outside the triangle presents no 
difficulty. 

9. The square on any stiaight line drawn from the vertex of an 
isosceles triangle to the base is less than the square on one of the equal 
sides by the rectangle contained by the segments of the base. 

10. The square on any straight line drawn from the vertex of an 
isosceles triangle to the base produced, is greater than the square on 
one of the equal sides by the rectangle contained by the segments into 
which the base is divided externally. 

11. If a straight line is drawn through one of the angles of 
an equilateral triangle to meet the opposite side produced, so that the 
rectangle contained by the segments of the base is equal to the square 
on the side of the triangle ; shew that the square on the line so drawn 
is double of the square on a side of the triangle. 

12. If XY be drawn parallel to the base BC of an isosceles 
triangle ABC, then the difference of the squares on BY and CY is 
equal to the rectangle contained by BC, XY. [See above. Ex. 8.] 

13. In a right-angled triangle, if a perpendicular be drawn from 
the right angle to the hypotenuse, the square on either side forming 
the right angle is equal to the rectangle contained by the hypotenuse 
and the segment of it adjacent to that side. 
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ON 11 . 9 AND 10 . 

14. Deduce Prop. 9 from Props. 4 and 5, using also the theorem 
that the square on a straight line is four times the square on half Uie 
line. 


15. Deduce Prop. 10 from Props. 7 and 6, using also the theorem 
mentioned in the preceding Exercise. 

16. If a straight line is divided equally and also unequally, the 
squares on the two unequal segments are together equal to twice the 
rectangle contained by these segments together with four times the 
square on the line between the points of section. 

ON II. 11 . 

17. If a straight line is divided internally in medial section^ and 
fr(m the greater segment apart he taken equal to the less; shew that 
the greater segment is also divided in medial section, 

18. If a straight line is divided in medial section, the rectangle 
contained by the sum and difference of the segments is equal to 
the rectangle contained by the segments. 

19. If AB is divided at H in medial section, and if X is the 
middle point of the greater segment AH, shew that a triangle whose 
sides are equal to AH, XH, BX respectively must be right-angled. 

20. If a straight line AB is divided internally in medial section at 
H, prove that the sum of the squares on AB, BH is three times the 
square on AH. 

21. Divide a straight line externally in medial section, 

[Proceed as in ii. 11, but instead of drawing EF, make EF' equal 
to EB in the direction remote from A; and on AF' describe the square 
AF'G'H' on the side remote from AB. Then AB will be divided exter- 
nally at H' as required.] 


ON II. 12 AND 13 . 

22. In a triangle ABC the angles at B and C are acute: if E and 
F are the feet of perpendiculars drawn from the opposite angles to the 
sides AC, AB, shew that the square on BC is equal to the sum of the 
rectangles AB, BF and AC, CE. 

28. ABC is a triangle right-angled at C, and DE is drawn f^rom 
a point D in AC perpendicular to AB: shew that the rectangle 
AB, AE is equal to the rectangle AC, AD. 
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24. In any triangle the sum of the squares on two sides is equal to 
twice the square on half the third side together with tioice the square on 
the median which bisects the third side. 


A 



Let ABC be a triangle, and AP tbe median bisecting the side BC. 

Then shall AB« + AC3=2 BP^h 2AP2. 

Draw Ad perp. to BC. 

Consider the case in which Ad falls within the triangle, but does 
not coincide with AP. 

Then of the angles APB, A PC, one must be obtuse, and the other 
acute : let APB be obtuse. 

Then in the a APB, AB-^^Bpa-i- AP2+2 BP . Pd. ii. 12. 

Also in the a APC, AC2 = CP2 + AP‘-i-2CP . Pd. ii. 13. 

ButCP=BP, 

.-. CF=BP2; and the rect. BP, Pd=the rect. CP, Pd. 

Hence adding the above results 
AB2 + AC2 = 2. BP2+2. AP2. q.e.d. 

The student will have no difficulty in adapting this proof to the 
cases in which Ad falls without the triangle, or coincides with AP. 


25. The sum of the squares on the sides of a parallelogram is equal 
to the sum of the squares O'U the diagonals, 

26. In any quadrilateral the squares on the diagonals are toge- 

ther equal to twice the sum of the squares on the straight lines join- 
ing the middle points of opposite sides. [See Ex. 9, p. 97.] 

27. If from any point within a rectangle straight lines are drawn 
to the angular points, the sum of the squares on one pair of the lines 
drawn to opposite angles is equal to the sum of the squares on the 
other pair. 

28. The sum of the squares on the sides of a quadrilateral is 
greater than the sum of the squares on its diagonals by four times 
the square on the straight line which joins the middle points of the 
diagonals. 

29. O is the middle point of a given straight line AB, and from 
O as centre, any circle is described : if P be any point on its circum- 
ference, shew that the sum of the squares on AP, BP is constant. 
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30. Given the base of a triangle, and the sum of the squares on 
the sides forming the vertical angle; find the locus of the vertex. 

81. ABC is an isosceles triangle in which AB and AC are equal. 
AB is produced beyond the base to D, so that BD is equal to AB. 
Shew that the square on CD is equal to the square on AB together 
with twice the square on BC. 

32. Ill a right-angled triangle the sum of the squares on the 
straight lines drawn from the right angle to the points of tri- 
section of the hypotenuse is equal to five times the square on the 
line between the points of trisection. 

33. Three times the sum of the squares on the sides of a tri- 
angle is equal to four times the sum of the squares on the medians. 

34. ABC is a triangle, and O the point of intersection of its 
medians : shew that 

AB2 + BC2 + CA2=: 3 (OAH OB2 + OC^). 

35. A BCD is a quadrilateral, and X the middle point of the 
straight line joining the bisections of the diagonals ; with X as centre 
any circle is described, and P is any point upon this circle : shew that 
PA^-f PB2+ PC-+ PD^ is constant^ being equal to 

XAa+XB2+XC2+XD2 + 4XP=5. 

3C. The squares on the diagonals of a trapezium are together 
equal to the sum of the squares on its two oblique sides, with twice 
the rectangle contained by its parallel sides. 

PROBLEMS. 

37. Construct a rectangle equal to the difference of two squares. 

38. Divide a given straight line into two parts so that the rect- 
angle contained by them may be equal to the square described on a 
given straight line which is less than half the straight line to be 
divided. 

39. Given a square and one side of a rectangle which is equal 
to the square, find the other side. 

40. Produce a given straight line so that the rectangle contained 
by the whole line thus produced and the part produced, may be equal 
to the square on another given line. 

41. Produce a given straight line so that the rectangle contained 
by the whole line thus produced and the given line shall be equal to 
the square on the part produced. 

42. Divide a straight line AB into two parts at C, such that the 
rectangle contained by BC and another line X may be equal to the 
square on AC. 
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BOOK III. 

Book IIT. do.ils witli the properties of (h* roles. 

Definitions. 

1. A circle is a Jilane iigure bounded 
by one line, which is called the circum- 
ference, and is such that all straiglit lines 
drawn from a certain point within the 
figure to the circumference are e(|ual to 
one another: this point is called the centre 
of the circle. 

\ 2. A radius of a circle is a straight line drawn from 

ilie centre to the circumference. 

3. A diameter of a circle is a straight line drawn 
tlirough the centre, and terminated both ways by the 
circumference. 

4. A semicircle is the figuie bounded by a diameter 
of a circle and the part of the circumference cut ofl‘ by the 
diameter. 

From these definitions we draw the following inferences: 

(i) The distance of a point from the centre of a circle is less than 
the radius, if the point is within the circumference : and the distance 
of a point from the centre is greater than the radius, if the point is 
without the circumference. 

(ii) A point is witliin a circle if its distance from the centre is 
less than the radius : and a point is without a circle if its distance 
from the centre is greater than the radius. 

(iii) Circles of equal radius are equal in all respects; that is to 
say, their areas and circumferences are equal. 

(iv) A circle is divided by any diameter into two parts which are 
equal in all respects. 
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5. Circles which have the same centre are said to be 

concentric. 

6. All arc of a circle is any part of the circumference. 

* ^ 7. A chord of a circle is the straight line which joins 
any two points on the circumference. 

From these definitions it may be seen that a 
chord of a circle, which does not pass through 
the centre, divides the circumference into two 
unequal arcs ; of these, the greater is called the 
major arc, and the less the minor arc. Thus 
the major arc is greater, and the minor arc leas 
than the semicircumference. 

The major and minor arcs, into which a cir- 
cumference is divided by a chord, are said to be 
conjugate to one another. 

8. Chords of a circle are said to be 
equidistant from the centre, when the 
perpendiculars drawn to them from the 
centre are equal : 

and one chord is said to be further from 
the centre than another, when the per- 
pendicular drawn to it from the centre is 
greater than the perpendicular drawn to 
the other. 


9. A secant of a circle is a straight 
line of indefinite length, which cuts the 
circumference in two points. 


10. A tangent to a circle is a straight 
line which meets the circumference, but 
lieing produced, does not cut it. Such a 
line is said to touch the circle at a point; 
and the point is called the point of 
contact. 







DEFINITIONS. 


151 


if a secant, which outs a circle at the 
points P and Q, gradually changes its position 
in such a way that P remains fixed, the point 
Q will ultimately approach the fixed pt>int P, 
until at length these points may be made to 
coincide, l^en the straight line PQ reaches 
this limiting position, it becomes the tangent 
to the circle at the point P. 

Hence a tangent may be defined as a 
straight line whi^ passes through two coinci- 
dent points on the circumference. 



11. Circles are said to touch one another when they 
meet, but do not cut one another. 




When each of the circles which meet is outside the other, they are 
said to touch one another externally, or to have external contact: 
when one of the circles is within the other, they are said to touch one 
another internally, or to have internal contact. 


12. A segment of a circle is the figure bounded by a 
chord and one of the two arcs into whicli the cliord divides 
the circumference. 



The chord of a segment is sometimes called its base. 
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13. An angle in a segment is one 

formed by two straight lines drawn from 
any point in the arc of the segment to 
the extremities of its chord. 


[It will be shewn in Proposition 21, that all angles in the same 
segment of a circle are equal.] 



14. An angle at the circumference 

of a circle is one foriinni }>y straiglit lines 
drawn from a point on the circumference 
to tlie extremities of an arc : such an 
angle is said to stand upon tli(5 arc, whicli 
it subtends. 



IT). Similar segments 

of circles are those wliicli 
contain equal angles. 



IG. A sector of a circle is a figure 
bounded by tAvo radii and the arc inter- 
cepted between them. 


X 



Symbols and Abbreviations. 

In addition to the symbols and abbreviations given on 
page 10, we shall use the following. 

O for circle, /or circumference. 
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Proposition 1 . pROBLiiM. 

To find the centre of a given circle. 



Let ABC be a given circle: 
it is lequired to find its centre, 
in the given circle draw any chord AB, 

and bisect AB at D. i. 10. 

Prom D draw DC at right angles to AB ; i. 11. 
and produce DC to meet the O at E and C. 

Bisect EC at F. r. 10. 

Then shall F be the centre of tlie 0 ABC. 

First, the centre of the circle must be in EC : 
for if not, let the centre be at a point G without EC. 
Join AG, DG, BG. 

Then in the A** GDA, GDB, 

( DA- DB, CotiHtr. 

Because 4 and G D is common ; 

[ and GA GB, for by supposition they are radii; 

.•. the z. GDA -the ^GDB; I. 8. 

these angle.s, being adjacent, are rt. angles. 

But the L CDB is a rt, angle ; Const r. 

the GDB -the /.CDB, Ax. 11. 

the part equal to tlie whole, which is impossible. 

G is not the centre. 

So it may be sliewn that no point outside EC is the centre ; 
.*. the centre lies in EC. 

F, the middle point of the diameter EC, must be the 
centre of the O ABC. q.k.f. 

Corollary. The straight line which bisects a chord of 
a circle at right angles passes through the centre. 

[For Exercises, see page 156.] 
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Pkoposition 2. Theorem. 


any two ^points a/re taken in the cir<yumference of a 
^ ci/rcle^ tite chord which joins them falls within the circle. 



Let ABC l>e » circle, and A and B any two points on 
its O'*': 

then sliall the chord AB fall within the circle. 

Find D, the centre of the ©ABC; in. 1. 

and in AB tiike any point ,E. 

Join DA, DE, DB. 

In the A DAB, because DA -- DB, ill. Def 1, 

the L DAB = the L DBA. i. 5. 

But the ext. l DEB is greater than the int. opp, L DAE; 

I. 16. 

also the z. DEB is greater than tlie z. DBE; 

in the A DEB, the side DB, which is opposite the greater 
angle, is greater than DE which is 'opposite the less: i. 19. 

that is to say, DE is less than a radius of the circle ; 

.*. E falls within the circle. 

So also any other point between A and B may be shewn 
to fall within the circle. . j 

AB falls within the circle. > ^ Q.E.D. 

Definition. A part of a curved line is said to be concave to a 
point when, any chord being taken in it, all straight lines drawn 
from the given point to the intercepted arc are out by the chord : if, 
when any chord is taken, no straight line drawn from the given point 
to the intercepted arc is cut by the chord, the curve is said to be 
convex to that point. 

Proposition 2 proves that the whole circumference of a circle 
is concave to its centre. 
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Proposition 3. Theorem. 

If a straight line drawn through the centre of a circle 
bisects a clwrd which does not pass through the centre, it shall 
cut it at right angles : 

and, conversely, if it cut it at right angles, it shall bisect it. 


A 


Let ABC be a circle ; and let CD bo a st. line drawn 
through the centre, and AB a chord which does not pass 
through the centre. 

First, Let CD bisect AB at F : 

then shall CD cut AB at rt. angles. 

Find E, the centre of the circle; iii. 1. 

and join EA, EB. 

Then in the A« AFE, BFE, 

( AF = BF, IJyp. 

Because i and FE is common ; 

( and AE= BE, being radii of the circle ; 

the L AFE=rthe ^ BFE; i. 8. 

these angles, being adjacent, are rt. angles, 

that is, DC cuts AB at rt. angles. Q.E.u. 

Conversely, Let CD cut AB at rt. angles : 

then shall CD bisect AB at F. 

As before, find E the centre ; and join EA, EB. 

In the AEAB, because EA= EB, lu. Fef, 1. 

.’. the z. EAB = the L EBA. i. 5. 

Then in the A« EFA, EFB, 

( the L EAF = the L EBF, Proved, 

Because < and the l EFA = the l EFB, being rt. angles ; Hyp. 
( and EF is common; iJ . 

.*. AF = BF. 1.26. 

Q.K.r 



[For Exercises, see page 156.] 
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EXERCISES. 


ON Peoposition 1. 


1. '' If two circles intersect at the points A, B, shew that the line 
whieh joins their centres bisects their common chord AB at right 
angles. 

2. AB, AC are two equal chords of a circle; shew that the 
straight line wliioh bisects the angle BAC passes through the centre. 

Two chords of a circle are given in •position and •magnitude: 
find the centre of the circle. 

4. Describe a circle that shall pass Uiraugh three given points, 
which are not in the same straight line. 


6. Find the locus of the centres of circles which pass through two 
given points. 


6. Describe a circle that shall pass through two given points, 
and have a given radius. ^ 


ON Peoposition 2. 


line cannot cut a circle in mure than two points. 


\ 


ON Peoposition 3. 

^ 8. Through a given point \yithin a circle draw a chord which 
shall be bisected at that point, 

O.X The parts of a straight line intercepted between the circum- 
ferences of two concentric circles are equal, jily 

■" lO.X The line joining the middle points of two parallel chords of a 
circle passes through the centre. \ 

11. Find the locus of the middle points of a system of parallel 
chords drawn in a circle. 

Y 12. If two circles cut one another, any two parallel straight lines 
drawn through the points of intersection to cut the circles, are equal. ^ 

18^SrPQ and XY are two parallel chords in a circle: shew that \ 
the points of intersection of PX, QY, and of PY, QX, lie on the \ 
straight line which passes through the middle points of the given » 
dhords.^^ 
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Proposition 4. 'Pheokrm. 

//* in a circle two chords cut 07ie another, which do not 
both pass through the centre, tlwy ca^iuot both he bisected at 
their point of intersection. 



Let ABCD be ji circle, and AC, BD two cliords wliicli 
intersect at E, but do not botJi pass throui;!! tlie centre: 

then AC and BD sliall not be both bisected at E. 

Case I. If one cliord passes tlirough the centre, it is 
a diainotei*, and the centre is its middle point; 

it cannot be bisected by the other chord, wliicli by hypo- 
thesis does not pass througli the centre. 

Case TI. If neitlier chord passes through the centre; 
then, if possibles, let E be the middle point of both; 
that is, let AE = EC; and BE = ED. 

Find F, the centre of the circle: in. 1. 

Join EF. 

Then, Ijecause FE, wliich passes througli the centre, 
bisects the chord AC, Hyp- 

the L FEC is a rt. angle. HI. 3. 

And because FE, which passes througli the ccuitre. In- 
sects the chord BD, 

the L FED is a rt. angle, 
the FEC rz: the L FED, 

the whole equal to its part, whicli is impossible. 

AC and BD are not both bisected at E. Q. E. D. 

[For Exercises, see page 158.] 

Ff. F. 
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Proposition 5. Theorem. 

If two circles cut one another^ they cannot have the sams 
centre. 



Let the two O® AGO, BFC cut one another at C: 
then they shall not have the same centre. 

For, if possible, let the two circles have the same centre; 
and let it be called E. 

Join EC; 

and from E draw any st. line to meet the O®®® at F and G. 
Tlien, because E is the centre of the OAGC, Hyp, 
EG = EC. 

And because E is also the centre of the ©BFC, Hyp, 
EF=EC. 

EG = EF, 

the whole equal to its part, which is impossible. 

.'. tlie two circles have not the same centre. 

Q. E. D. 


EXERCISES. 

ON Proposition 4. 

1. If a parallelogram can be inscribed in a circle, the point of 
intersection of its diagonals must be at the centre of the circle. 

2. Bectangles are the only parallelograms that can be inscribed 
in a circle. 

ON Proposition 5. 

3. Two circles, which intersect at one point, must also interaeot 
at another. 
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Proposition 6. Theorem. 

^ If two circles touch one another internally^ they cannot 
have the same centre. 



Let the t\^o O* ABC, DEC touch one another internally 
at C: 

then they shall not have the same centre. 

For, if possible, let the two circles have tlie same centre ; 
and let it be called F. 

Join FC; 

and from F draw any st. line to meet the O at E and B. 

Then, because F is the centre of the ©ABC, Hyp, 
FB=FC. 

And because F is the centre of the 0 DEC, Hyp, 
:, FE=FC. 

FB = FE; 

the whole equal to its part, which is impossible, 

.*. the two circles have not the same centre. Q. e.d. 

Note. From Propositions 6 and 6 it is seen that circles, whose 
oircumferenoes have any point in common, cannot be concentric, 
nnless they coincide entirely. 

Conversely, the circumferences of concentric circles can have no 
point in common. 


11-2 
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Proposition 7. Theorem. 

If from any point within a circle which is not the centre^ 
straight lines are drawn to the circumference^ the greatest is 
that which passes through th^ centre ; and the least is that 
which^ when produced backwards^ passes through the centre : 

and of all other such Unss^ that which is nearer to the 
greatest is always greater tlmn one more remote : 

also two equal straight lines, and only two, can he drawn 
from the given point to the circunferencp^ one on each side 
of the diameter. 



Let A BCD be a circle, within which any point F is taken, 
which is not the centre: let FA, FB, FC, FG be drawn to 
the of which FA passes through E tlie centre, and FB is 
nearer than FC to FA, and FC nearer than FG : and let 
FD be the line which, when produced backwards, passes 
through the centre : then of all these st. lines 

(i) FA shall be the greatest; 

(ii) FD shall be the least; 

(iii) FB shall be greater than FC, and FC greater 
than FG; 

(iv) also two, and only two, equal st. lines can be 
drawn from F to the O®®. 

Join EB, EC, EG. 

(i) Then in the A FEB, the two sides FE, EB are together 
greater than the third side FB. i. 20. 

But EB = EA, being radii of the circle; 

.*. FE, EA are together greater than FB; 
that is, FA is greater than FB. 
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Similarly FA may be shewn to be greater than any other 
st. line drawn from F to the 

FA is the greatest of all such lines. 

(ii) In tlie AEFG, the two sides EF, FG am together 
greater than EG ; i. 20. 

and EG = ED, being radii of tlie circle; 

.'. EF, FG are together greater than ED. 

Take away the common part EF; 
then FG is greater than FD. 

Similarly any other st. line drawn from F to the QCO 
may be shewn to be greater than FD. 

FD is the least of all sucli lines. 


(iii) In the A« BEF, CEF, 

( BE=.CE, i\L Dtf. \, 

Because •< and EF is common; 

(but the L BEF is greater than the l CEF; 

FB is greater than FC. i. 21. 

Similarly it may bo shewn that FC is greater than FG. 


(iv) 


At E in FE make the L. FEH equal to the L FEG. 

I. 23. 


Join FH. 


Then in the A« GEF, HEF, 

( GE = HE, 111. i>f/. 1. 

Because ■< and EF is common; 

(also the .L GEF - the /.HEF; Co7istr, 
FG - FH. I. 4. 

And besides FH no other straight line can !»(' drawn 
from F to the «qual to FG. 

For, if possible, let FK -- FG. 

Then, because FH = FG, IWoved, 

FK= FH, 

that is, a line nearer to FA, the greatest, is equal to a line 
which is more remote; which is impossible. Proved, 
two, and only two, equal st. lines can be drawn from 
F to the ygrt Q.K.D. 
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^ Proposition 8. Theorem. 

If from any poi/nt without a ci/rcle straight lines wre drawn 
to the circumference^ of those which fall on the concave ci/r~ 
cfumference^ the greatest is that which passes through the 
centre; and of others^ that which is nearer to the greatest 
is always greater than one more remote : 

further j of those which fall on the convex circumference, 
the least is that which, when produced, passes through the 
centre; and of others that which is nea/rer to the least is 
always less than one more remote: 

lastly, from the given point there can he drawn to the 
circumference two, and only two, equal straight lines, one on 
each side of the shortest line. 



L(^t BG D bo a circle of which C is the centre ; and let 
A be any point outside the circle : let ABD, AEH, AFG, be 
st. lines drawn from A, of which AD passes through C, the 
centre, and AH is nearer than AG to AD : 

then of st. lines drawn from A to the concave O 
(i) AD shall be the greatest, and (ii) AH greater than 
AG ; 

and of st. lines drawn from A to the convex O 
(iii) AB shall be the least, and (iv) AE less than AF. 

(v) Also two, and only two, equal st. lines can be 
drawn from A to the O 

Join CH, CQ, CF, CE. 

(i) Then in the A ACH, the two sides AC, CH are 
together greater than AH : i. 20. 

but CH = CD, being radii of the circle; 

AC, CD are together greater than AH : 
that is, AD is greater than AH. 

Similarly AD may be shewn to be greater than any other 
ftt. line drawn from A to the concave O®®; * 

• iH thft flrpp«f«ct of «11 «nnh 
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(ii) In the A® HCA, GCA, 

r HC-QC, 111. iJe/h 

Because •< and CA is common; 

( but the L HCA is greater than tlie L GCA; 

AH is greater than AG. I, 24. 

(iii) In the A AEC, the two sides AE, EC are together 

greater than AC : i. 20. 

but EC=^ BC; III. Def, L 

the remainder AE is greater than the remainder AB. 
Similarly any other st. line drawn from A to the convex 
may be shewn to be greater than AB; 

A B is the least of all such lines. 

(iv) In the A AFC, because AE, EC are drawn from the 
extremities of the base to a point E within the triangle, 

AF, FC are together greater than AE, EC. i. 21. 

But FC-EC, III. Lef. 1. 

.'. the remainder AF is greater than the remainder AE. 

(v) At C, in AC, make the l ACM equal to the l ACE. 

Join AM. 

Then in the two A® ECA, MCA, 

( EC = MC, 111. Def, 1. 

Because •< and CA is common ; 

( also the L ECA = the L MCA; (Jonatr. 
.•.AE = AM; 1.4. 

and besides AM, no st, line can be drawn from A to the 
O®®, equal to AE. 

For, if possible, let AK = AE : 
then because AM = AE, Proved. 

AMz_AK; 

that is, a line nearer to the shortest line is equal ,to a 
line which is more remote ; which is impossible. Proved. 

two, and only two, equal st. lines can be drawn from 
A to the O®®. Q.E.D. 

Where are the limits of that part of the circumference v/hioh is 
eoucave to the point A? 
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Ohs, Of the following proposition Euclid gave two distinct proofs, 
the first of which has the advantage of being direct. 


PiiOPOsiTioN 9. Theokem. [First Proof.] 

^ If from a within a circle more than two equal 

tfiraight lines can he drawn to the circumference^ that jfoint 
is the centre of the circle. 



Let ABC be a circle, and D a point within it, from which 
more tlian two e(mal st. lines are drawn to the namely 
DA, DB, DC : 

then D shall be the centre of the circle. 


Join AB, BC : 

and l)isect AB, BC at E and F respectively. 


I. 10. 

Join DE, DF. 


Tlieii in the A« DEA, DEB, 


[ EA - EB, 

Constr, 

Jlecause < and DE is common; 


( and DA - DB; 

Hyp. 

the .1 DEA -the L DEB; 

I. 8. 


these anodes, being adjacent, are rt. angles. 

Hence ED, which bisects the chord AB at rt. angles, must 
pass through the centre. ni. 1. Cor. 

Similarly it may be shewn that FD passes through the 
centre. 

D, which is the only point common to ED and FD, 
must be the centre. b.B.D. 
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Proposition 9. Theorem. [Second Proof,] 

If from a point loithin a circle more than two equal 
straight lines can he drawn to the circumference, that point 
is the centre of the circle. 



Let ABC be a eircle, and D a point witJjiu it, from whicli 
iijorc than two equal st. lines are drawn to tlie namely 

DA, DB, DC : 

thou D shall be tlie centre of the circle. 

For, if not, suppose E to be the centre. 

Join DE, and produce it to meet the O'*® at F, G. 

Then because D is a point within tlie circle, not tlie 
centre, and because DF passes through the centre E ; 

DA, which is nearer to DF, is greater than DB, which 
is more remote : in. 7. 

but this is impossible, since by hypothesis, DA, DB, are 
e<|ual. 

E is not the centrii of the circle. 

*And wherever we suppose the centre E to 1m*, other- 
wise than at D, two at least of the st. lines DA, DB, DC 
may be shewn to be unequal, which is contrary to hypo- 
thesis. 

D is the centre of the O ABC. 


* Note. For example, if the centre E were supposed to be within 
the angle BDC, then DB would be greater than DA; if within the 
angle ADB, then DB would be greater than DC ; if on one of the three 
straight lines, as DB, then DB would be greater than both DA and DC. 
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Oh8, Two proofs of Proposition 10» both indirect, were given by 
Euclid. 

Proposition 10 . Theorem. [First Proof.] 

One circle cannot cut cmother at more tJian two points. 



If possible, let DABC, EABC be two circles, cutting one 
another at more than two points, namely at A, B, C. 

Join AB, BC. 

Draw FH, bisecting AB at rt. angles; i. 10 , 11 . 
and draw GH bisecting BC at rt. angles. 

Then because AB is a chord of both circles, and FH 
bisects it at rt. angles, 

the centre of both circles lies in FH. iii. l,Cor, 

Again, because BC is a chord of both circles, and GH 
bisects it at right angles, 

the centre of both circles lies in GH. iii. \.Cor, 

Hence H, the only point common to FH and GH, is the 
centre of both circles ; 

which is impossible, for circles which cut one another 
cannot have a common centre. iii. 5. 

.*. one circle cannot cut another at more than two points. 

Q.E.D. 

Corollaries, (i) Two circles cannot meet in three 
points without coinciding entirely, 

(ii) Two circles cannot have a common arc witJumt 
coinciding entirely, 

(iii) Only one circle can he described through three 

pomtSf which a/re not in the same straight line, " 
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Proposition 10. Theorem. [Second Proof.] 
One circle cminot cut another at more than two points. 



If possible, let DABC, EABC be two circles, cutting one 
mother at more than two points, namely at A, B, C. 

Find H, the centre of the O DABC, iii. 1. 
and join HA, HB, HC. 

Then since H is the centre of the O DABC, 

HA, HB, HC are all equal. iii. DeJ\ 1. 

And because H is a point within the O EABC, from 
which more than two equal st. lines, namely HA, HB, HC 
a.re drawn to the O 

H is the centre of the O EABC : ill. 9. 

that is to say, the two circles have a common centre H ; 
but this is impossible, since they cut one another, iii. 5. 

Therefore one circle cannot cut another in more than 
two points. ^ li-E.i). 


Note. This proof is imperfect, because it assumes that the centre 
of the circle DABC must fall within the circle EABC; whereas it 
may be conceived to fall either without the circle EABC, or on its 
nrcumference. Hence to make the proof complete, two additional 
sases are required. 
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Proposition 11. Theorem. 


two circles touch one another internally, the straight 
line which joins their centres, being 'produced, sltall pass 
through the point of contact. 



Lot ABC and ADE be two circles whicli touch one 
another internally at A ; let F be the centre of the O ABC, 
and G the centre of the O ADE: 

then shall FG produced pass through A. 

If not, let it pass otherwise, as FGEH. 

Join FA, GA. 

Then in the A FGA, the two sides FG, GA are together 
greater than FA : i. 20. 

but FA - FH, being radii of the O ABC : Hyp. 

FG, GA are together greater than FH. 

Take away the common part FG ; 
then GA is greater than GH. 

But GA == GE, being radii of the O ADE : Uyp, 

GE is greater than GH, 

the part greater than the whole ; which is impossible. 

.*. FG, when produced, must pass through A. 

EXERCISES. ! ^ 

1. If the distance between the centres of two circles is equal to 
the difference of their radii, then the circles must meet in one point, 
but in no other; that is, they must touch one another. 

^ 1/ two circles whose centres are A and B tonch one another 
internally, and a straight line be drawn through their point of contact, 
cutting the circumferences at P and Q; shew that the radii AP and BQ 
are parallel, 
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^ Proposition 12. Theorem. 

If two circles touch one another externally, the straight 
line which joins their centres shall pass through the point of 
contact. 



Let ABC and ADE be two circles which toucli one 
another externally at A; let F be the centi'o of the © ABC, 
and G the centre of the 0 ADE : 

then shall FG pass through A. 

If not, let FG pass otherwise, as FHKG. 

Join FA, GA. 

Then in the A FAG, tlie two sides FA, GA are together 
greater than FG ; i. 20. 

but FA — FH, being radii of the 0 ABC ; Hyp- 

and GA - GK, being radii of the © ADE ; Hyp^ 

FH and GK are together greater than FG; 
which is impossible. 

FG must pass through A. ^ 

^ ^ Q.E.D. 


EXERCISES. 

1. Find the locus of the centres of all circles which touch a given 
circle at a given point. 

2. Find the locus of the centres of all circles of given radius^ tohich 
touch a given circle, 

8. If the distance between the centres of two circles is equal to 
the sum of their radii, then the circles meet in one point, but in no 
other; that is, they touch one another. 

4. If two circles whose centres are A and B touch one another 
externally, and a straight line he drawn through their point of contact 
cutting the circumferences at P and Q; shew that the radii AP and BGt 
are parallel. 
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Proposition 13. Theorem. 

'M Two cycles cannot touch one another at more than one 
pomt^ whether internally or externally. 

Fig. 2 




If possible, let ABC, EOF be two circles which touch one 
another at more than one point, namely at B and D. 

Join BD; 

and draw GF, bisecting BD at rt. angles. 1. 10, 11. 


Then, whether the circles touch one another internally, 
as in Fig. 1, or externally as in Fig. 2, 

because B and D are on the O of both circles, 

BD is a chord of both circles : 
the centres of both circles lie in GF, which bisects BD 
at rt. angles. HI. 1. Cor.' 

Hence GF which joins the centres must pass through 
a point of contact; iii. 11, and 12. 

which is impossible, since B and D are without GF. 


.*. two circles cannot touch one another at more than 
one point. ^7 L i 

Q.E.D. 


Note. It must be observed that the proof here given applies, by 
virtue of Propositions 11 and 12, to both the above figures ; we have 
therefore omitted the separate discussion of Fig. 2, which finds a place 
in most editions based on Bimson*s text. 
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EXERCISES ON PROPOSITIONS 1 — 13. 

1. Describe a circle to pass through two given points and have 
its centre on a given straight line. When is this impossible ? 

2. All circles which pass through a fixed point, and have their 
centres on a given straight line, pass also through a second fixed 
point. 


3. Describe a circle of given radius to touch a given circle at a 
given point. How many solutions will there be? \^en will there 
be only one solution? 

4. From a given point as centre describe a circle to touch a given 
circle. How many solutions will there be? 

6. Describe a circle to pass through a given point, and touch a 
given circle at a given point. [See Ex. 1, p. 109 and Ex. 6, p. 150.] 
When is this impossible? 

6. Describe a circle of given radius to touch two given circles, 
[See Ex. 2, p. 169.] How many solutions will there be ? 

7. Two parallel chords of a circle are six inches and eight inches 
in length respectively, and the perpendicular distance between them 
is one inch : find the radius. 

8. If two circles touch one another externally, the straight lines, 
which join the extremities of parallel diameters towards opposite 
parts, must pass through the point of contact. 

9. Find the greatest and least straight lines which have one 
extremity on each of two given circles, which do not intersect. 

10. In any segment of a circle, of all straight lines drawn at right 
angles to the chord and intercepted between the chord and the arc, 
the greatest is that which passes through the middle point of the 
chord ; and of others that which is nearer the greatest is greater than 
one more remote. 

11. If from any point on the circumference of a circle straight 
lines be drawn to the circumference, the greatest is that which passes 
through the centre; and of others, that which is nearer to the greatest 
is greater than one more remote ; and from this point there can be 
drawn to the circumference two, and only two, equal straight lines. 
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riioposiTiON 1 4. Theorem. 

Equal chords in a circle are equidistant from the centre: 
andy conversely y chords which are equidistant from the 
centre are equal. 

A 


B 


Jjot ABC bn ;i cirdn, and ]nt AB and CD be chords, 
of wliieli the perp. distances from the centre are EF 
and EG. 

Firsty Let AB=-CD : 

then shall AB and CD be equidistant from the centre E. 
♦loin EA, EC. 

Then, because EF, which passes through the centre, is 
perp. to the chord AB; 

EF bisects AB ; iii. 3. 

that is, AB is double of FA. 

For a similar reason, CD is double of GC. 

But AB ^ CD, 

FA = GC. 

Now EA rr EC, being radii of the circle; 

the sq. on EA ~the sq. on EC. 

But the sq. on EA = the sqq. on EF, FA; 

for the L EFA is a rt. angle. i. 47. 

And the sq. on EC = the sqq. on EG, GC ; 
for the L EGC is a rt. angle, 
the sqq. on EF, FA = the sqq. on EG, GC. 

Now of these, the sq. on FA = the sq. on GC; for FA = GC. 
the sq. on EF = the sq. on EG, 

EF=EG; 

that is, the chords AB, CD are equidistant from the centre. 

Q.E.D. 
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Convprs('l}i. 
centre E ; 


/ 


Ti<*t AB and CD etjuidisfant from the 

that is, let EF - EG : 
then .shall AB CD. 


For, the same construction bein^ made, it may be 
shewn as before tliat AB is double of FA, and CD double 
of GC ; 

and that the sqq. on EF, FA — the sqq. f)U EG, GC. 

Now of these, the sq. on EF the sq. on EG, 

for EF = EG : Ifyjh 

the scj. on FA = the square on GC ; 


.-. FA = GC; 

and doubles of these equals are (‘qual ; 
that i.s, AB -- CD. 




Q.K.D. 


KXERCISKS. 

1. Find the locm of the middle j^oinU of equal chordu of a circle* 

2. If two chorda of a circle cut one another, and make e(iual 
angles with the straight lino which joins thrir point of int(‘isection 
to the centre, they are equal . 

8 . If two equal chords of a circle interseety ahew that the seffiiientii 
of the one are equal rcfij/ertirely to the scfftncnts of the olh< r. 

4. In a given circle draw a chord which shall he equal to one 
given straight line (not greater than the diameter) and parallel to 
another. 

5. PC is a fixed chord in a circle, and AB is any diameter : shew 
that the sum or dillcrciice of the perpendiculars let fall from A and B 
on PGl is constant, that is, the same for all positions of AB. 


U. R. 


12 
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Proposition 15. Theorem. 

The diameter is the greatest chord in a circle ; 
and of others, that which is nearer to the centre is greater 
than one more remote: 

conversely, the greater chord is nearer to the centre than 
the less. 



Let A BCD be a circle, of wliicli AD is a diameter, and E 
the centre ; and let BC and FG be any two chords, whose 
perp. distances from the centre are EH and EK : 
then (i) AD shall be greater than BC : 

(ii) if EH is less than EK, BC shall be greater than FG : 

(iii) if BC is greater than FG, EH shall be less than EK. 

(i) Join EB, EC. 

Then in the A BEC, the two sides BE, EC are together 
greater than BC ; i. 20. 

but BE-AE, III. Def 1. 

and EC -= ED ; 

AE and ED together are greater than BC ; 
that is, AD is greater than BC. 

Similarly AD may be shewn to be greater tlian any 
other chord, not a diameter. 

(ii) Let EH be less than EK; 
then BC shall be greater than FG. 

Join EF. 

Since EH, passing through the centre, is perp. to the 
chord BC, 

EH bisects BC ; ^ III. 3. 
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that is, BC is double of HB. 

For a similar reason FQ is double of KF. 

Now EB =: EF, in. 1. 

the sq. on EB = the sq. on EF. 

But the sq. on EB-the sqq. on EH, HB; 

for the z. EHB is a rt. angle ; i, 47. 

also the sq. on EF-the sqq. on EK, KF; 

for the z. EKF is a rt. angle, 
the sqq. on EH, HB = the sqq. on EK, KF. 

But the sq. on EH is less than the sq. on EK, 

for EH is less than EK ; J^yp* 

the sq. on HB is greater than the sq. on KF ; 

HB is greater than KF : 
hence BC is greater than FG. 

(iii) Let BC be greater than FG ; 

then EH shall be less than EK. 

For since BC is greater than FG, 

HB is greater than KF ; 

.'. the sq. on HB is greater than the sq. on KF. 

But the sqq. on EH, HB = the sqq. on EK, KF : Proved. 
the sq. on EH is less than the sq. on EK ; 

EH is less tlian EK. 

Q.E.D. 

V 

EXERCISES. 

1. Through a given^point loithin a circle draw the least possible 
chord. 

2. AB is a fixed chord of a circle, and XY any other chord having 
its middle point Z on AB: what is the greatest, and what the least 
length that XY may have? 

Shew that XY increases, as Z approaches the middle point of AB. 

3. In a given circle draw a chord of given length, having its 
middle point on a given chord. 

When is this problem impossible? 


12-2 
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Ohsi. or the following proofs of Proposition IG, the second (by 
reductio ad absurdum) is that given by Euclid ; but the first is to he 
preferred, as it is direct, and not less simple than the other. 

Proposition 10. Tiirokkm. [Altkiinativk Proof.] 

The straight line drawn at right angles to a diameter of 
a circle at one of its extremities is a tangent to live circle: 

and every other straight line drawn through this yoint 
cuts the circle. 


A 



AKB 1)0 fi circle, of which E is the centre, and AB 
a diameter; and through B let the st. line CBD be drawn 
at rt. angles to AB : 

then (i) CBD shall he a tangent to the circle; 

(ii) any other st. line through B, as BF, shall cut 
the circle. 

(i) In CD take any point G, and join EG. 

Tlien, in the A EBG, the l EBG is a rt. angles ; J/yp, 
.'. the ^ EGB is less than a rt. angle; i. 17, 
.*. the L. EBG is greater than the z. EGB; 

.*. EG is greater than EB: i. 19. 

that is, EG is greater than a radius of the circle; 

.*. the point G is without the circle. 

Similarly any other point in CD, except B, may be shew^n 
to be outside the circle : 

hence CD meets the circle at B, but being produced, 
does not cut it; 

that is, CD is a tangent to the circle. 
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(ii) Draw EH perp. to BF. 1. 131 

Then in the A EH B, because the z. EHB is a rt. angle, 

the L EBH is less than a rt. angle; l. 17. 
EB is greater than EH; i. 19. 

tliat is, EH is less than a radius of the circle : 

H, a point in BF, is within tlie circle; 

BF must cut the circle. c^.e.d. 

Proposition 16. Theorem. [Euclid’s Proof.] 

Tli% straight line drawn at right angles to a diameter of 
a circle at one of its extremities^ is a tangent to the circle: 

and no other straight line can he drawn through this 
point so as not to cut the circle, 

E 


B 


Let ABC be a circle, of which D is the centre, and AB 
a diameter; let AE l)e drawn at rt. angles to BA, at its 
extremity A: 

(i) then shall AE be a tangent to the circle. 

For, if not, let AE cut the circle at C. 

Join DC. 

Then in the A DAC, Ixjcause DA — DC, ill. l)ef 1. 
the _ DAC the L DCA. 

But the L. DAC is a rt. angle; 

.*. the L DCA is a rt. angle; 

that is, two angles of the A DAC are together ecpial to two 
rt. angles; which is impossible. i. 17. 

Hence AE meets the circle at A, but being produced, 
does not cut it; 

that is, AE is a tangent to the circle, m. Def 10. 
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(ii) Also through A no other straight line but AE can 
be drawn so as not to cut the circle. 

E 


For, if possible, let AF be another st. line drawn through 
A so as not to cut the circle. 

From D draw DG perp. to AF; i. 12. 

and let DG meet the O®® at H. 

Then in the A DAG, because the l DGA is a rt. angle, 

the L DAG is less than a rt. angle; i. 17. 
DA is greater than DG. l. 19. 

But DA == DH, III. DeJ\ 1. 

DH is greater than DG, 

the part greater than the whole, which is impossible, 
no st. line can be drawn from the point A, so as not to 
cut the circle, except AE. 

Corollaries, (i) A tatigeoit touches a circle at one 
point only, 

(ii) There can be hut one tangent to a circle at a given 
point. 
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Proposition 17. Problem. 

To draw a tangent to a circle from a gicen point either 
ouy or without the circumference. 

Fig. 1 Fig. 2 



Let BCD be the given circle, and A the given point; 
it is required to draw from A a tangent to the 0CDB. 

Case I. If the given point A is on the O 

Find E, the centre of the circle. iii. 1. 

Join EA. 

At A draw AK at rt. angles to EA. i. 11. 

Then AK l>eing perp. to a diameter at one of its extremities, 
is a tangent to the circle. iii. 10. 

Case IT. If the given point A is without the ( 

Find E, the centre of the circle; iii.J. 

and join AE, cutting the O BCD at D. 

From centre E, witli radius EA, describe the G)AFG. 
At D, draw GDF at rt. angles to EA, cutting the CvAFG at 
F and G. i. 11. 

Join EF, EG, cutting the © BCD at B and C. 

Join AB, AC. 

Then both AB and AC shall be tangents to the C*)CDB. 
For in the A« AEB, FED, 

/ AE = FE, being radii of the 0 GAF; 

Because )and EB - ED, being radii of the 0 BDC; 

(and the included angle AEF is common; 

the L ABE = tlie l FDE. I, 4. 
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But the z. FDE is a rt. angle, Comtr, 

the L ABE is a rt. angle ; 

hence AB, being drawn at i t. aiigh'S to a diain<‘ter at one 
of its extremities, is a tangent to the O BCD. iii. 16. 
Similarly it may lie shewn that AC is a tangent, q. e.f. 

Corollary. If two tanf/ntUs arc drairn to a circle frota 
an external poll if ^ then (i) theif are e(pi(il ; (ii) they subtend 
equal angles at the centre : (iii) they niahe equal angles with 
the straight line tvhich joins the given ]>oint to the centre. 


For, in tin* above iigurc*, 

Since ED is perp. to FG, a chord of the o' FAG, 

.•.DF= DG. 111. o. 


Then in the A“ DEF, DEG, 

[DE is common to both. 
Because and EF = EG ; 

[ and DF — DG ; 

.-. the L DEF:: the ^ DEG. 

Again in the AEB, AEC, 

/AE is common to both, 
Because -[ and EB = EC, 

[and the _ AEB <h(‘ _ AEC ; 

.'. AB - AC : 

and the Z. EAB the _ EAC. 


HI. Def, 1. 
Proved, 

I. 8. 


Proved. 

I. 4. 
Q.E.D. 


Note. If the given point A is within the circle, no solution is 
possible. 

Hence we see that this problem admits of two solutions, one solu- 
tion, or no solution, according as the given point A is without^ o/i, or 
icithin the circumference of a circle. 

For a simpler method of drawing a tangent to a circle from a given 
point, see page 202. ^ 
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Proposition 18. Theorem. 

The straight line drawn from the centre of a circle to the 
2 i()int of contact of a tangent is per pendicuhir to the tangent. 

A 



Let ABC l)e ;i circle, of which F is the ctJiitre; 
and let the st. line DE touch th(^ circle at C : 

tluMi shall FC he pcrp. to DE. 

For, if not, suppose FG to be perp. to DE, l. l‘J. 
and let it nH*et the 0‘‘‘‘at B. 

Then in th(^ A FCG, because the L. FGC is a rt. angle, /////>. 

the .L FCG is less than a rt. angh^ : i. 17. 

the L FGC is greater than the l FCG ; 

FC is greater than FG : i. 1!). 

but FC = FB ; 

FB is greater than FG, 

the pai-t greater than the whole, which is iinpossibh}. 

FC cannot be otherwise than perp. to DE : 
that is, FC is perp. to DE. 

EXERCISES. 

1. Diaw a tangent to a circle (i) parallel to, (iij at light angirs to 
a given straight line. 

2. Tditf/e/Us drawn to a circle from the cjctrcmities of a diameter 
are parallel. 

3. CirclcK which touch one another internally or externally have a 
common tanyent at their point of contact. 

4. Jn two concentric circles any chord of the outer circle which 
touches the inner, is bisected at the point of contact. 

5. In two concentric circles, all chords of the outer circle which 
touch the inner, are equal. 
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Proposition 19. Theorem. 

^ TJie straight line drawn ^perpendicular to a tangent to a 
circle from the point of contact through the centre. 


A 



Let ABC be a circle, and DE a tangent to it at the point C ; 
and let CA be drawn perp. to DE : 

then shall CA pass tlnougli the centre. 

Fur if not, suppose the centre to })e outside CA, as at F. 
Join CF. 

Then because DE is a tang(‘nt to the circle, and FC 
is drawn from th(‘ centres F to the point of contact, 

the ^ FCE is a rt. angle. ill. 18. 

Ihit the ^ ACE is a rt. angle ; 
the _ FCE the ^ ACE ; 
the part equal to the whole, which is impossible, 
the centre cannot l)e otherwise than in CA; 
that is, CA i)as.ses throimh the centre. 


EXERCISES ON THE TANGENT. 


Propositions 10, 17, 18, 19. 

1. The centre of any circle which touches two intersecting straight 
UiU8 must lie on the bisector of the angle between them. 

2. AB and AC are two taiij'enta to a circle whose cent|re is O ; 
sliew that AO bisects the chord of contact BC at right angles. 
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8. If two oirdes are ooncentrio all tangents drawn from points on 
the droumferenoe of the outer to the inner drde are equal. 

4. The diameter of a drde bisects all chords which are parallel 
to the tangent at either extremity. 

6. Find the locus of the centres of all circles ivhich touch a given 
straight line at a given point, 

6. Find the locus of the centres of all circles which touch each 
of two parallel straight lines. 

7. Find the locus of the centres of all circles which touch each of 
two intersecting straight lines of unlimited length, 

8. Describe a circle of given radius to touch two given straight 
lines. 

9. Through a given point, within or without a circle, draw a 
chord equal to a given straight line. 

In order that the problem may be possible, between what limits 
must the given line lie, when the given point is (i) without the circle, 
(ii) within it? 

10. Two parallel tangents to a circle intercept on any third tan- 
gent a segment which subtends a right angle at the centre. 

11. In any quadrilateral circumscribed about a circle, the sim of 
one pair of opposite sides is equal to the stmi of the other pair, 

12. Any parallelogram which can be circumscribed about a circle, 
must be equilateral. 

13. If a quadrilateral be described about a circle, the angles sub- 
tended at the centre by any two opposite sides are together equal to 
two right angles. 

14. AB is any chord of a circle, AC the diameter through A, and 
AD the perpendicular on the tangent at B : shew that AB bisects the 
angle DAC. 

15. Find the locus of the extremities of tangents of fixed length 
drawn to a given circle. 

16. In the diameter of a circle produced, determine a point such 
that the tangent drawn from it shall be of given length. 

17. In the diameter of a circle produced, determine a point such 
that the two tangents drawn from it may contain a given angle. 

18. Describe a circle tliat shall pass through a given point, and 
touch a given straight line at a given point. [See page 183. Ex. 5.] 

19. Describe a circle of given radius, having its centre on a given 
straight line, and touching another given straight line. 

20. Describe a circle that shall have a given radius, and touch a 
given circle and a given straight line. How many such circles can 
be drawn ? 
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Proposition 20. Theorem. 

The angle at the centre of a circle is double of an angle 
at the circumference^ standing on the same arc. 


Fig. 1 Fig. 2 



Let ABC a of wJncli E is the centre; and let 

BEC be an aiij^le at the centre, and BAG an angle at the O***', 
standing on tlie same are BC : 

tlien shall th(^ .. BEC bt; double of the L BAC. 

Join AE, and produce it to F. 

Case 1. When the centre E is within the angle BAC. 
Tlnui in the . 1 . EAB, because EA — EB, 

the .1 EAB = the l EBA ; i. 5. 
.*. the sum (►f the _ EAB, EBA twice the l. EAB. 

But the ext. j_ BEF - the sum of the l ® EAB, EBA; I. 32. 

.’. the _ BEF ~ twice the l EAB. 

Similarly the _ FEC - twice the _ EAC. 

.*. the sum of tin* _ BEF, FEC twice the sum of 

the A « EAB, EAC ; 

that is, the .1 BEC twice the BAC. 

Case Jl. WJien the centre E is without the ... BAC. 

As before, it may be shewn that the _ FEB - twice the L FAB ; 

also the ^ FEC — twice the L FAC; 
.'. the difl’erence of the FEC, FEB -- twice the difference 
of the 1 . FAC, FAB : 

that is, the l BEC - twice the BAC. 
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Note. If the arc BFC, on which the angles 
■tand, is greater tiian a semi-oiroumferenoe, it 
is clear that the angle BEC at the centre will be 
reJUx: but it may still be shewn as, in Case I., 
that the reflex l BEC is double of the l BAG 
at the standing on the same arc BFC. 



Proposition 21. Tiikorem. 

Angles in the same segment of a circle are etjnal. 

A 



Let ABCD be a oircU*, and let BAD, BED bo aiif'les in 
the same segment BAED: 

then shall the l BAD - tlie l BED. 

Find F, the centre of the circle. in. i. 


Case I. 
semicircle. 


When the segment BAED is gi*cal(‘r tiian a 
Join BF, DF. 


Then the l BFD at the centre = twice the l BAD at the 
standing on the same arc BD: nr. 20. 

and similarly the l BFD = twice the .1 BED. in. 20. 
.*. the L BAD = the L BED. 


Cask II. When the segment BAED is not greater than 
a semicircle. 
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Join AF, iind produce it to meet tlie at C. 

Join EC. 

Then since AEDC is a semicircle; 
the segment BAEC is greater than a semicircle; 
the L. BAG = the l BEC, in this segment. Ga^e 1. 
Similarly the segment CAED is greater than a semicircle; 
the A CAD = the z. CED, in this segment, 
the Slim of the BAC, CAD = tlie sum of the BEC, 

CED: 

that is, the l BAD “ the L BED. Q. E.D. 


EXERCISES. 

1. P is any point on the arc of a sepiment of which AB is the 
chord. Shew that the sum of the angles PAB, PBA is constant. 

2. PQ and RS are two chords of a circle intersecting at X: prove 
that the triangles PXS, RXQ are equiangular, 

3. Two circles intersect at A and B ; and through A any straight 
line PAQ is drawn terminated by the circumferences: shew that PQ 
subtends a constant angle at B. 

4. Two circles intersect at A and B; and through A any two 
straight lines PAQ, X AY are drawn terminated by the circumferences : 
shew that the arcs PX, QY subtend equal angles at B. 

5. P is any point on the arc of a segment whose chord is AB : and 
the angles PAB, PBA are bisected by straight lines which intersect at 
O. Find the locus of the point O. 
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Note. If the exteusioa of Proposition 20, given in the note on 
page 185, is adopted, a separate treatment of a 

the second case of the present proposition is ^ 

unnecessary^. 

For, as in Case I., 

the reflex L BFD = twice the L BAD; ih.‘20. 
also the reflex L BFD — twice the z BED; 
the z BAD = the z BED. 



The converse of Proposition 21 is very imijortant. For the con- 
struction used in its proof, viz. To deacribe a circle about a given 
triangle^ the student is referred to Book iv. Proposition 5. [Or sec 
Theorems and Examples on Book i. Page 103, No. 1.] 

Converse of Proposition 21. 

Equal n7}gJe!i sta7iding on the same bane, and on the mme side of 
it, have their vertices on an are of a circle, of which the given base 
is the chord. 

Ijot BAG, BDC be two equal angles standing 
op tlie same base BC : 

then shall the vertices A and D lie upon a 
segment of ^ hfrele having BC as its chord. 

Desenbe a circle about the a BAG : iv. 5. 
then this circle shall pass through D. 

For, if not, it must cut BD, or BD produced, 
at some other point E. 

Join EC. 

Then the z BAG = the z BEG, in the same segment: ni.21. 
but the Z BAG = the z BDC, by livpothesis; 
the Z BEC = the Z BDC; 

that is, an ext. angle of a triangle — an int. opp. angle; 

which is imi) 08 sible. i. IG. 

the circle which passes through B, A, C, cannot pass otherwise 
than through D. 

That is, the vertices A and D are on an arc of a circle of wliich 
the chord is BC. g. k.u. 

The following corollary is important. 

All triangles drawn on the same base, and with equal vertical angles, 
have their vertices on an arc of a circle, of which the given base is the 
chord. 

Or, The locus of the vertices of triangles drawn on the same base 
with equal vertical angles is an arc of a circle. 
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l^KOi'osTTioN 22. Theorem. 

The opposite angles of any quadrilateral inscribed in a 
circle are together equal to two right angles. 



Let ABCD 1)0 a quadrilateral iius(nih(Hl in the 0ABC; 
then shall, (i) the ^ “ ADC, ABC together - two rt. angles ; 

(ii) the .1 “ BAD, BCD together - two rt. angles. 

Join AC, BD. 

'^riien the .i ADB - the z. ACB, in the segment ADCB; ill. 21. 
also the _ CDB the .« CAB, in the segment CDAB. 

the .L ADC = the sum of the l. " ACB, CAB. 

To each of these equals add the z. ABC: 
then the two _ ADC, ABC togetJier - the three z-"ACB, 
CAB, ABC. 

But the z. ® ACB, CAB, ABC, being the angles of a 
triangle, together = two rt. angles. l. 32. 

the z. ** ADC, ABC togethei* = two rt. angles. 
Similarly it may be shewn that 

the z. BAD, BCD together -- two rt. angles. 

Q. E. D. 


EXERCISES. 

1. If a circle can be described about a parallelogram, the 
parallelogram must be rectangular. 

2. ABC is an isosceles triangle, and XY is drawn parallel to the 
base BC ; shew that the four points B, C, X, Y lie on a circle. 

8. If one side of a quadrilateral inscribed in a circle is produced^ 
the exterior angle is equal to the opposite interior angle of the quadri- 
lateral. 
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Proposition 22. [Alternative Proof.] 

Let ABCD be a quadrilateral inscribed in the O ABC : 
then shall the i ' ADC, ABC together = two rt. angles. 

Join FA, FC. 

Then the L AFC at the centre = twice the 
L ADC at the o*’*, standing on the same arc 
ABC. in. 20. 

Also the reflex angle AFC at the centre 
= twice the L ABC at the standing on the 
same arc ADC. iii. 20. 

Hence the Z* ADC, ABC are together half 
the sum of the z AFC and the reflex angle AFC ; 

but these make up four rt. angles : 1 . 15. Cor. 2. 

the z ■ ADC, ABC together=two rt. angles. q.e.d. 



Definition. Pour or more points through which a circle 
may be described are said to be concyclic. 

Converse of Proposition 22. 

Ij a pair of opposite angles of a quadrilateral are together equal to 
two right angles, its vertices are concyclic. 

Let ABCD be a quadrilateral, in which the opposite angles at 
B and D together = two rt. angles; 

then shall the four points A, B, C, D be 
concyclic. 

Through the three points A, B, C describe 
a circle : iv. 5. 

then this circle must pass through D. 

For, if not, it will cut AD, or AD produced, 
at some other point E. 

Join EC. 

Then since the quadrilateral A BCE is inscribed in a circle, 

the Z “ ABC, AEC together=two rt. angles. iii. 22. 
but the Z ® ABC, ADC together = two rt. angles ; i^lfp- 

hence the Z ® ABC, AEC = the Z ® ABC, ADC. 

Take from these equals the Z ABC: 
then the Z AEC = the Z ADC ; 
that is, an ext. angle of a triangle = an int. opp. angle ; 
wliich is impossible. 1. 16. 

the circle which passes through A, B, C cannot pass otherwise 
than through D : 

that is the four vertices A, B, C, D are concyclic. q.x.d. 



u. E. 


13 
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Definition. Similar segments of circles are those which 
contain equal angles. 

Proposition 23 . Theorem. 

On the same chord and on the same side of there 
cannot he two similar segments of circles^ not coinciding with 
one aTwtker. 


D 



If possible, on the same chord AB, and on the same 
side of it, let there be two similar segments of circles ACB, 
ADB, not coinciding with one another. 

Then since the arcs ADB, ACB intersect at A and B, 

they cannot cut one another again; in. 10. 
one segment falls within the other. 

In tlie outer arc take any point D; 
join AD, cutting the inner arc at C; 
join CB, DB. 

Then because the segments are similar, 

the L ACB = the L ADB; III. Def 

that is, an ext. angle of a triangle = an int. opp. angle ; 
which is impossible. - i. 16 . 

Hence the two similar segments ACB, ADB, on the same 
chord AB and on the same side of it, must coincide. 

q.E. D. 

EXERCISES ON PROPOSITION 22 . 

1. The straight lines which bisect any angle of a quadrilateral 
figure inscribed in a circle and the opposite exterior angle, on 
the circumference. 

2. A triangle is inscribed in a circle: shew that the sum of the 
angles in the three segments exterior to the triangle is equal to four 
right angles. 

S. Divide a circle into two segments, so that the angle contained 
by the one shall be double of the angle contained by the other. 
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Proposition 24. Theorem. 

SiniUar segments of circles on equal chords are equal to 
one another. 



F 


D 


Let AEB and CFD be similar segments on equal chords 

AB, CD: 

then shall the segment ABE = the segment CDF. 

For if the segment ABE be applied to the segment CDF, 
so that A falls on C, and AB falls along CD ; 

then since AB = CD, 

B must coincide with D. 

the segment AEB must coincide with the segment CFD ; 
for if not, on the same chord and on the same side of it 
there would be two similar segments of circles, not co- 
inciding with one another : which is impossible. iii. 23. 

the segment AEB - the segment CFD. Q. K. i). 


EXERCISES. 

1. Of two segments standing on the same chord, the greater 
segment contains the smaller angle. 

2. A segment of a circle stands on a chord AB, and P is any 
point on the same side of A B as the segment: shew that the angle 
APB is greater or less than the angle in the segment, according as P 
is within or without the segment. 

8. P, Q, R are the middle •points of the sides of a triangle ^ 
and X is the foot of the perpendicular let fall from one vertex on the 
opposite side : shew that the four points P, Q, R, X are coney die. 

[See page 96, Ex. 2: also page 100, Ex. 2.] 

4. Use the preceding exercise to shew that the middle points of the 
sides of a triangle and the feet of the perpendiculars let fall from the 
vertices on the opposite sides, are concyclic. 
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Proposition 25. Problem *. 

An arc of a circle being given^ to describe the whole cir- 
cumference of which the given arc is a part. 



Let ABC be an arc of a circle: 
it is required to describe the whole of which the arc 
ABC is a part. 

In the given arc take any three points A, B, C. 

Join AB, BC. 

Draw DF bisecting AB at rt. angles, i. 10. 11. 
and draw EF bisecting BC at rt. angles. 

Then because DF bisects the chord AB at rt. angles, 

.*. the centre of the circle lies in DF. iii. 1. Cor 
Again, because EF bisects the chord BC at rt. angles, 

the centre of the circle lies in EF. iii. 1. Cor. 
.'. the centre of the circle is F, the only point common to 
DF, EF. 

Hence the of a circle described from centre F, with 
radius FA, is that of which the given arc is a part. Q. E. F. 

* Note. Euclid gave this proposition a somewhat different form, 
as follows : 

A segment of a circle being given^ to describe the circle of which 
it is a segment. 

Let ABC be the given segment standing on the chord AC. 

Draw DB, bisecting AC at rt. angles. 1. 10. B 

Join AB. 

At A, in BA, make the z BAE equal to the 
ZABD. 1.23. 

Let AE meet BD, or BD produced, at E. 

Then E shall be the centre of the required circle. 

[Join EC; and prove (i) EA = EC; i. 4. 

(ii)EA=EB. X.6.J 
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Proposition 26. Theorem. 

In equal circles the arcs which subtend equal angles^ 
whether at the centres or at the circumferences^ shall he equal. 


Let ABC, DEF be equal circles and let the l ^ BGC, EHF, 
at the centres be equal, and consequently the ^ * BAG, EOF 
at the O"*® equal: m. 20. 

then shall the arc BKC - the arc ELF. 

Join BC, EF. 

Then because tlie O’* ABC, DEF are equal, 

.*. their radii are equal. 

Hence in the A” BGC, EHF, 

{ BG EH, 

Because \ and GC = HF, 


(and the Z- BGC = the ^ EHF ; 

BC = EF. I. 4. 

Again, because tlie l. BAC - the l EDF, ITyp- 
the segment BAG is similar to the segment EDF; 

III. Def lo. 

and they are on equal chords BC, EF; 

.*. the segment BAC the segment EDF. iii. 24. 
But the whole 0 ABC — the whole 0 DEF ; 


.*. the remaining segment BKC - the remaining .segment ELF, 
the arc BKC -= the arc ELF. 

Q.E. D. 





[For an Alternative Proof and Exercises see pp. 197, 198.] 
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Proposition 27. Theorem. 

In equal circlee the angles, whether at the centres or the 
circumferences, which stand on equal arcs, shall he equal. 



Let ABC, DE^ be equal circles, 
and let the arc BC = the arc EF ; 
then shall the z. BQC = the l EHF, at the centres ; 
and also the l BAG = the l EOF, at the 0“". 

If the BGC, EHF are not equal, one must be the 
greater. 

If possible, let the ^ BGC be the greater. 

At G, in BG, make the z. BGK equal to the l EHF. i. 23. 

Then because in the equal O® ABC, DEF, 
the L BGK = the l EHF, at the centres ; Constr. 
.’. the arc BK = the arc EF. iii. 26. 

But the arc BC = the arc EF, Syj), 

the arc BK = the arc BC, 
a part equal to the whole, which is impossible, 
the z. BGC is not unequal to the z. EHF ; 
that is, the z. BGC = the l EHF. 

And since the l BAC at the 0“ is half the z. BGC at the 
centre, iii. 20. 

and likewise the l EOF is half the z. EHF, 

.*. the Z- BAC = the z. EOF. q. e. d. 


[For Exercises see pp. 197, 198.] 
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Proposition 28. Theorem. 

In equal circles the arcs, which are cut off hy eqrwl 
chords, shall he equal, the major arc equal to the major arc, 
and the minor to the minor. 



Let ABC, DEF be two equal circles, 
and let the chord BC = the chord EF : 
t]i(*n shall the major arc BAC = the major arc EDF; 
and the minor arc BGC = the minor arc EHF. 

Find K and L the centres of the O" ABC, DEF : in. 1. 
and join BK, KC, EL, LF. 

Then because the O® ABC, DEF are equal, 
their radii are equal. 

Hence in the A« BKC, ELF, 

( BK = EL, 

Because J KC = LF, 

(and BC = EF ; Hyp* 

the L BKC = the z. ELF ; i. 8. 

the arc BGC = the arc EHF; ill. 26. 

and these are the minor arcs. 


But the whole O®® ABQC = the whole O®® DEHF; Hyp* 
.’. the remaining arc BAC = the remaining arc EDF : 

and these are the major arcs. q.e.d. 


[For Exercises see pp. 197, 198.] 
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Proposition 29. Theorem. 

In equal circh^i the chords^ which cut off equal arcsy ahall 
he equal. 




Let ABC, DEF be equal circles, 
and let the arc BGC ~ the arc EHF: 
i hen shall the chord BC = the chord EF. 

Find K, L the centres of the circles. iii. 1. 

Join BK, KC, EL, LF. 

Tlien in the equal O® ABC, DEF, 
l)ecause the arc BGC = the arc EHF, 

the L BKC = the ELF. ill. 27. 

Hence in the A* BKC, ELF, 

/ BK = EL, being radii of equal circles; 

Because 4 KC = LF, for the same reason, 

[and the L BKC =tlie .l ELF; Proved, 

BC - EF. I. 4. 

Q. E. D. 


EXERCISES 

ON PROPOSITIONS 2G, 27. 

1. If two chords of a circle are parallel^ they intercept equal arcs, 

2. ' The straight lines, which join the extremities of two equal 
arcs of a circle towards the same parts, are parallel. 

3. In a circle^ or in equal circles^ sectors are equal if their angles 
at the centres are equal. 
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4. If two chords of a circle intersect at right angles, the opposite 
arcs are together equal to a semicircumference. 

5. If two chords intersect within a circle, they form an angle 
equal to that subtended at the circtmference by the sum of the arcs they 
cut of, 

6. If two chords intersect without a circle, they fbrm an angle 
equal to that subtended at the circumference by the difference of the arcs 
they cut off. 

7. J/AB is a fixed chord of a circle, and P any point on one 
of the arcs cut off by it, then the bisector of the angle APB cuts the 
conjugate arc in the same point, whatever he the position of P. 

8. Two circles intersect at A and B ; and through these i^oints 
straight lines are drawn from any point P on the circumference o£ 
one of the circles: shew that when produced they intercept on the 
other circumference an arc which is constant for all positions of P. 

9. A triangle ABC is inscribed in a circle, and the bisectors of 
the angles meet the circumference at X, Y, Z. Find each angle of 
the triangle XYZ in terms of those of the original triangle. 


ON PROPOSITIONS 28 , 29 . 

10. The straight lines which join the extremities of parallel chords 
in a circle (i) towards the same parts, (ii) towards opposite parts, are 
equal. 

11. Through A, a point of intersection of two equal circles two 
straight lines PAQ, XAY are drawn: shew that the chord PX is equal 
to the chord QY. 

12. Through the points of intersection of two circles two parallel 
straight lines arc drawn terminated by the circumferences ; shew that 
the straight lines which join their extremities towards the same parts 
are equal. 

13. Two equal circles intersect at A and B ; and through A any 
straight line PAQ is drawn terminated by the circumferences: shew 

that BP=BQ. 

14. ABC is an isosceles triangle inscribed in a circle, and the 
bisectors of the base angles meet the circumference at X and Y. Shew 
that the figure BXAYC must have four of its sides equal. 

What relation must subsist among the angles of the trianglu ABC, 
in order that the figure BXAYC may be equilateral? 
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Note. We have given Euclid’s demonstrations of Propositions 
26, 27, 28, 29 ; but it should be noticed that all these propositions 
also atoit of direct proof by the method of superposition. 

To illustrate this method we will apply it to Proposition 26. 
Proposition 26. [Alternative Proof.] 

In equal circles^ the arcs which subtend equal angles^ whether at 
the centres or circumferences ^ shall he equal. 




Let ABC, DEF be equal circles, and let the z • BQC, EHF at the 
centres be equal, and consequently the Z * BAC, EOF at the 0®*" 
equal: ni. 20. 

then shall the arc BKC=the arc ELF. 

For if the 0 ABC be applied to the 0 DEF, so that the centre G 
may fall on the centre H, 

then because the circles are equal. Hyp. 

their O®®* must coincide ; 

hence by revolving the upper circle about its centre, the lower circle 
remaining Used, 

B may be made to coincide with E, 
and consequently GB with HE. 

And because the z BGC = the z EHF, 

GC must coincide with HF; 
and since G C = H F, Hyp. 

C must fall on F. 

Now B coinciding with E, and C with F, 
and the o®® of the 0 ABC with the 0®* of the 0 DEF, 
the arc BKC must coincide with the arc ELF. 

.\ the arc BKC=the arc ELF. 


Q.E.D. 
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Proposition 30. Problem. 
To bisect a given arc. 



Let ADB be the given arc: 
it is required to bisect it. 

Join AB; and bisect it at C. i. 10. 

At C draw CD at rt. angles to AB, meeting the given 
arc at D. I. 1 1 . 

Then shall the arc ADB be bisected at D. 


Because 


Join AD, BD. 

Then in the A« ACD, BCD, 

I AC = BC, Conslr. 

• and CD is common; 

and the ^ ACD = the L BCD, being rt. angles: 

AD = BD. 1.4. 


And since in the OADB, the chords AD, BD are equal, 

.*. the arcs cut off by them are equal, the minor arc equal 
to the minor, and the major arc to the major: iii. 28. 

and the arcs AD, BD are both minor arcs, 
for each is less than a semi-circumference, since DC, bisecting 
the chord AB at rt. angles, must pass through tlie centre 
of the circle. iii. 1. Cor, 

the arc AD = the arc BD: 
that is, the arc ADB is bisected at D. g. E. f. 


EXERCISES. 

1. If a tangent to a circle is parallel to a chord, the point of 
contact will bisect the arc cut oS by the chord. 

2. Trisect a quadrant, or the fourth part of the circumference, of 
a circle. 
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Proposition 31. Theorem. 

2'he angle tn a semicircle is a right angle : 
the angle in a segment greater than a semicircle is lees 
than a right angle : 

and the angle in a segment less than a semicircle is 
greater than a right angle. 



Let ABCD be a circle, of which BC is a diameter, and 
E the centre j and let AC be a chord dividing the circle into 
the segments ABC, ADC, of which the segment ABC is 
greater, and the segment is ADC less than a semicircle: 
then (i) the angle in the semicircle BAG shall be a rt. angle ; 

(ii) the angle in the segment ABC shall be less than a 
rt. angle; 

(iii) the angle in the segment ADC shall be greater 
than a rt. angle. 

In the arc ADC take any point D; 

Join BA, AD, DC, AE; and produce BA to F. 

(i) Then because EA = EB, iii. Def. 1. 

.’. tJie L EAB ~ the l EBA. i. 5. 

And because EA = EC, 

.*. the L EAC = the L EGA. 
the whole l. BAC = the sum of the z.® EBA, ECA: 
but the ext. l FAC = the sum of the two int. l ■ CBA, BCA; 
the L BAG = the L FAC; 

.*. these angles, being adjacent, are rt. angles. 

.*• the L BAG, in the semicircle BAG, is a rt. angle. 
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(ii) In the A ABC, because the two l. * ABC, BAC are 

together less than two rt. angles; l. 17 . 

and of these, the l. BAC is a rt. angle ; Proved. 
the L ABC, which is the angle in the segment ABC, is 
less than a rt. angle. 

(iii) Because A BCD is a quadrilateral inscribed in the 
OABC, 

the L ® ABC, ADC together two rt. angles; III. 22. 
and of these, the z. ABC is less than a rt. angle: Proved. 
the L ADC, which is the angle in the segment ADC, is 
greater than a rt. angle. Q. £. d. 


EXERCISES. 

1. A circle described on the hypotenuse of a right-angled triangle 
as diameter^ passes through the opposite angular point. 

2. A system of right-angled triangles is described upon a given 
straight line as hypotenuse : find the locus of the opposite angular 
points. 

3. A straight rod of given length slideu between two straight 
rulers placed at right angles to one another : find the locus of its 
middle point. 

4. Two circles intersect at A and B ; and through A two diameters 
AP, AQ are drawn, one in each circle : shew that the points P, B, Ql 
are collinear. [See Bef. p. 102.] 

5. A circle is described on one of the equal sides of an isosceles 
triangle as diameter. Shew that it passes through the middle point 
of the base. 

6. Of two circles which have internal contact, the diameter of the 
inner is equal to the radius of the outer. Shew that any chord of 
the outer circle, drawn from the point of contact, is bisected by the 
circumference of the inner circle. 

7. Circles described on any two sides of a triangle as diameters 
intersect on the third side, or the third side ))roduced. 

8. Find the locus of the middle points of chords of a circle drawn 
through a Jixed'point. 

Distinguish between the cases when the given point is within, on, 
or without the circumference. 

0. Describe a square equal to the difference of two given stiuares. 

10. Tlirough one of the points of intersection of two circles draw 
a chord of one circle which shall be bisected by the other. 

11. On a given straight line as base a system of equilateral four- 
sided figures is described : find the locus of the intersection of their 
diagonals. 
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Note 1. The extension of Proposition 20 to straight and reflex 


angles famishes a simple altematiye proof of 
the tot theorem contained in Proposition 81, 
viz. 

The angle in a semicircle is a right angle. 

For, in the adjoining figure, the angle at 
the centre, standing on the arc BHC, is 
double the angle at the standing on the 
same arc. 



Now the angle at the centre is the straight angle BEC ; 
the L BAC is half of the straight angle BEC: 

and a straight angles two rt. angles; 

/. the i BAC = one half of two rt. angles, 

= one rt. angle. q.e.d. 


Note 2. From Proposition 31 we may derive a simple practical 
solution of Proposition 17, namely, 

To draw a tangent to a circle from a given external point. 

Let BCD be the given 
circle, and A the given exter- 
nal point : 

it is required to draw from 
A a tangent to the o BCD. 

Find E, the centre of the 
circle, and join AE. 

On AE describe the semi- 
circle ABE, to cut the given 
circle at B. 

Join AB. 

Then AB shall be a tangent 
to the 0 BCD. 

For the Z ABE, being in a semicircle, is a rt. angle. Hi. 31. 

AB is drawn at rt. angles to the radius EB, from its ex- 
tremity B ; 

AB is a tangent to the circle. iii. 16. 

• Q.E.F. 

Since the semicircle might be described on either side of AE, it is 
clear that there will be a second solution of the problem, as shewn by 
the dotted lines of the figure. 
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Proposition 32. Theorem. 

If a straight line touch a circ(<Cy and from the point oj 
contact a chord he dravm^ the angles which this chord makes 
with the tangent shall he equal to the angles in the altemate 
segments of the circle. 


A 



Let EF touch the given OABC at B, and let BD be a 
chord drawn from B, the point of contact: 

then shall (i) the l DBF ~ the angle in tlie alternate 
segment BAD: 

(ii) the .1 DBE = the angle in the alternate 

segment BCD. 

From B draw BA perp. to EF. I. 

Take any point C in the arc BDj 
and join AD, DC, CB. 

(i) Then because BA is drawn perp. to tlie tangent EF, 
at its point of contact B, 

BA passes through the centre of the circle: iii. 19. 
the z. ADB, being in a semicircle, is a rt. angle: iii. 31. 
in the AABD, the other ABD, BAD together:^ a rt. 
angle; i. 32. 

that is, the z. ® ABD, BAD together = the z. ABF. 

From these equals take the common l ABD; 
the L DBF - the l BAD, which is in the alternate seg- 
ment. 
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(ii) Because A BCD is a quadrilateral inscribed in a 
circle, 

the BCD, BAD together = two rt. angles: iii. 22. 
but the z.® DBE, DBF together = two rt. angles; i. 13. 
the z.® DBE, DBF together = the z.® BCD, BAD: 
and of these the L DBF = the z. BAD; Proved, 
the Z- DBE = the z> DCB, which is in the alternate seg- 
ment. Q. E. D. 


EXERCISES. 

1. State and prove the converse of this proposition. 

2. Use this Proposition to shew that the tangents drawn to a 
circle from an external point are equal. 

3. If two circles touch one another, any straight line drawn 
through the point of contact outs off similar segments. 

Prove this for (i) internal, (ii) external contact. 

4. If two circles touch one another, and from A, the point of con- 
tact, two chords APQ, AXY are drawn: then PX and QY are parallel. 

Prove this for (i) internal, (ii) external contact. 

5. Two circles intersect at the points A, B: and one of them 
passes through O, the centre of the other : prove that OA bisects the 
angle between the common chord and the tangent to the first circle 
at A. 

6. Two ciieles intersect at A and B ; and through P, any point 
on the circumference of one of them, straight lines PAG, PBD are 
drawn to cut the other circle at C and D: shew that CD is parallel 
to the tangent at P. 

7. If from the point of contact of a tangent to a circle, a chord 
be drawn, the peipendiculars dropped on the tangent and chord from 
the middle point of either arc cut off by the chord are equal. 
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Proposition 33. Problem. 

On a given straight line to describe a segment of a circle 
which shall contain an angle equal to a given angle, 

H H 

C 


Let AB be the given st. line, and C the given angle: 
it is required to describe on AB a segment of a circle which 
shall contain an angle equal to C. 

At A in BA, make the _ BAD equal to the L C. i. 23. 
Prom A draw AE at rt. angles to AD. i. 11. 

Bisect AB at F; i. 10. 

and from F draw FG at rt. angles to AB, cutting AE at G. 
Join GB. 

Then in the A" AFG, BFG. 

^ AF BF, Constr, 

Because < and FG is common, 

(and the ^ AFG =the L BFG, being rt. angles; 

.-. GA--GB; 1.4. 

the circle descriljed from centre G, with radius GA, will 
pass through B. 

Describe this circle, and call it ABH; 
then the segment AHB shall contain an angle equal to C, 
Because AD is drawn at rt. angles to the radius GA from 


its extremity A, 

.'. AD is a tangent to the circle: iii. U). 

and from A, its point of contact, a chord AB is drawn ; 

.'. the 1 . BAD = the angle in the alt. segment AHB. iii. 32. 

But the L BAD = the l C : Constr 

the angle in the segment AHB = the C. 

.*. AHB is the segment required. Q.E.r. 

H E. 14 
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Note. In the particular case when the given angle C is a rt. angle, 
the segment required will be the 
semicircle described on the ^ven 
st. line AB; for the angle in a 
semicircle is a rt. angle. iii. 31. 



EXEKCISES. 

[The following exercises depend on tlie corollary to Proposition 21 
given on page 187, namely 

21i£ loom of the vertices of triangles which stand on the same base 
and have a given vertical angle^ is the arc of the segment standing on 
this base, and containing an angU equal to the given angle. 

Exercises 1 and 2 afford good illustrations of the method of find- 
ing required points by the Intersection of Loci, See page 117.] 

1. Describe a triangle on a given hase^ having a given vertical 
anglcy and having its vertex on a gwen straight line, 

2. Construct a triangle^ having given the base, the vertical angle 
and (i) one other side, 

(ii) the alt Unde. 

(iiii the length of the median which bisects the base, 

(iv) the point at which the perpendicular from the vertex 
meets the base, 

3. Construct a triangle having given the base, the vertical angle, 
and the point at which the base is cut by the bisector of the vertical 
angle. 

[Let AB be the base, X the given point in it, and K the given 
angle. On AB describe a segment of a circle containing an angle 
equal to K; complete tlie o®® by drawing the arc APB. Bisect the arc 
APB at P: join PX, and produce it to meet the O®® at C. Then ABC 
shall be the required triangle.] 

4. Construct a triangle having given the base, the vertical angle, 
and the sum of the remaining sides. 

[Let AB be the given base, K the given angle, and H the given line 
equal to the sum of the sides. On AB describe a segment containing 
an angle equal to K, also another segment containing an angle equal 
to half the L K. From centre A, with radius H, describe a circle 
cutting the last drawn segment at X and Y. Join AX (or AY) cutting 
the first segment at C. Then ABC shall be the required triangle.] 

5. Construct a triangle having given the base, the vertical angle, 
and the difference of the remaining sides. 
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Proposition 34. Problem. 

From a given circle to cut off a segment which shall 
contain an angle equal to a given angle. 



Let ABC be the given circle, and D the given angle: 
it is required to cut off from the O ABC a segment which 
shall contain an angle equal to D. 

Take any point B on the O 
and at B draw the tangent EBF. iii. 17. 

At B, in FB, make the L FBC equal to the L D. i. 23. 

TJien the segment BAC shall contain an angle equal to D. 

Because EF is a tangent to the circle, and from B, its 
point of contact, a chord BC is drawn, 

the L FBC = the angle in the alternate segment BAC. 

III. 32. 

But the Z- FBC = the L D ; Constr, 

the angle in the segment BAC = the L D. 

Hence from the given ©ABC a segment BAC has been 
cut off, containing an angle equal to D. Q. E. f. 


EXERCISES. 

1. The chord of a given segment of a circle is produced to a fixed 
point : on this straight line so produced draw a segment of a circle 
similar to the given segment. 

2. Through a given point without a circle draw a straight line 
that will cut oS a segment capable of containing an angle equal to a 
given angle. 


142 
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Proposition 35. Theorem. 

If two chords of a circle cut one another^ the rectangle 
contained by the segm.ents of one shall he equal to the rect- 
a/ngle contained by the segments of the other. 



Let AB, CD, two chords of the OACBD, cut one another 
at E: 

then shall the rect. AE, EB the reel. CE, ED. 

Find F the centre of the ©ACB: iii. 1. 

From F draw FG, FH perp. respectively to AB, CD. i. 12. 
Join FA, FE, FD. 

Then because FQ is drawn from the centre F perp. to AB, 
AB is bisected at G. HI. 3. 

For a similar reason CD is bisected at H. 

Again, because AB is divided equally at G, and unequally at E, 
.*. the rect. AE, EB with the sq. on EG — the sq. on AG. ii. 5. 

To each of these equals add the sq. on G F ; 
then the rect. AE, EB with the sqq. on EG, GF - the sum of 
the sqq. on AG, GF. 

But the sqq. on EG, GF - the sq. on FE; i. 47. 

and the sqq. on AG, GF - the sq. on AF; 
for the angles at G are rt. angles, 
the rect. AE, EB with the sq. on FE-the sq. on AF. 
Similarly it may be shewn that 

the rect. CE, ED with the sq. on FE = the sq. on FD. 

But the sq. on AF = the sq. on FD; for AF = FD. 
the rect. AE, EB with the sq. on FE = the rect. CE, ED 
with the sq. on FE. 

From these equals taJee the sq. on FE: 
then the rect. AE, EB = the rect. CE, ED. .. Q.fi.©. 
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Corollary. If through a fixed point within a circle 
any number of chords a/i'e drawriy the rectangles contained 
by their segments are all equal. 

Note. The following special cases of this proposition deserve 
notice. 

(i) when the given chords both pass tlirough the centre: 

(ii) when one chord passe.s through the centre, and cuts the 

other at right angles: 

(iii) when one chord passes through the centre, and cuts the 
other obliquely. 

In each of these cases the general proof requires some modifica- 
tion, which may be left as an exercise to the student. 


EXERCISES. 

1. Two straight lines AB, CD intersect at E, so that the rectangle 
AE, EB is equal to the rectangle CE, ED; shew that the four points 
A, B, C, D are concyclic. 

2. The rectangle contained by the segments of any chord drawn 
through a given point within a circle is equal to the square on half 
the shortest chord which may be drawn through that point. 

3. ABC is a triangle right-angled at C ; and from C a perpen- 
dicular CD is drawn to the hypotenuse : shew that the square on CD 
is equal to the rectangle AD, DB. 

4. ABC is a triangle; and AP, BGl the perpendiculars dropped 
from A and B on the opposite sides, intersect at O; shew that the 
rectangle AO, OP is equal to the rectangle BO, OQ. 

5. Two circles intersect at A and B, and through any point in AB 
their common chord two chords are drawn, one in each circle; shew 
that their four extremities are concyclic. 

6. A and B are two points within a circle such that the rectangle 
contained by the segments of any chord drawn through A is equal to 
the rectangle contained by tlie segments of any chord througli B : 
shew that A and B are equidistant from the centre. 

7. If through E, a point without a circle, two secants EAB, ECD 
are drawn; shew that the rectangle EA, EB is equal to the rectangle 
EC, ED. 

[Proceed as in in. 35, using ii. G.] 

8. Through A, a point of intersection of two circles, two straight 
lines CAE, DAF are drawn, each passing through a centre and termi- 
nated by the circumferences: shew that the rectangle CA, AE is equal 
to the rectangle DA, AF. 
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Proposition 36. Theorem. 

If from any point without a circle a tangent and a 
secant he d/rawn^ then the rectangle contained hy the whole 
secarit and the part of it loithout the circle shall he equal to 
the square on the tangent. 



Let ABC be a circle; and from D a point without it, let 
there be drawn the secant DCA, and the tangent DB; 
then the rect. DA, DC shall be equal to the sq. on DB. 

Find E, the centre of the ©ABC: m. 1. 

and from E, draw EF perp. to AD. 1 . 12. 

Join EB, EC, ED. 

Then because EF, passing through the centre, is perp. 
to the chord AC, 

AC is bisected at F. iii. 3. 

And since AC is bisected at F and produced to D, 

.'.the rect. DA, DC with the sq. on FC = the sq. on FD. ii. 6. 

To each of these equals add the sq. on EF : 
then the rect. DA, DC with the sqq. on EF, FC = the sqq. on 
EF, FD. 

But the sqq. on EF, FC ^ the sq. on EC ; for EFC is a rt. angle; 
= the sq. on EB. 

And the sqq. on EF, FD = the sq. on ED ; for EFD is a rt. angle; 

-the sqq. on EB, BD; for EBD is a 
rt. angle. iii. 18. 

the rect. DA, DC with the sq. on EB = the sqq. on EB, BD. 
From these equals take the sq. on EB: 
then the rect. DA, DC = the sq. on DB. q.e.d. 

Notk. This proof may easily be adapted to the case when the 
secant passes thromth the centre of the circle. ' 
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Corollary. If from a gh^m point tvithout a circle 
a7iy number of secants are drawn^ tJie rectangles contained 
by tfie whole secants ami the parts of th&m without the circle 
are all equal; for each of these rectangles is equal to the 
square on the tangent drawn from the given point to the 
circle. 

For instance, in the adjoining figure, 
each of the rectangles PB, PA and PD, PC 
and PF, PE is equal to the square on tlie 
tangent PQ: 

the rect. PB, PA 

^ the rect. PD, PC 
the rect. PF, PE. 

Note. Remembering that the Kegmoiits into which the chord AB 
is divided at P, are the lines PA, PB, (see Part I. i)iige 131) we ai e 
enabled to include the corollaries of Propositions 35 and 30 in a 
single enunciation. 

If anij number of chorda of a circle are drawn Ihronfih a (jiven 
point within or icitUont a circle, the rectangles contained by the 
segments of the chords are equal. 



KXERCIKKS. 


1. Use this proposition to shew that tangents drawn to a circle 
from an external point are equal. 

2. If two circles intersect, tangents drawn to them any 

point in their common chord produced are equal. 

3. If two circles intersect at A and B, and PQ is a tangent to 
both circles; shew that AB produced bisects PQ. 

4. If P is any point on the straight line AB produced, show that 
the tangents drawn from P to all circles which pass through A and B 
are equal. 

6. ABC is a triangle right-angled at C, and from any point P in 
AC, a perpendicular PQ is drawn to the hypotenuse : shew that the 
rectongle AC, AP is equal to the rectangle AB, AQ. 

6. ABC is a triangle right-angled at C, and from C a perpen- 
dicular CD is drawn to the hypotenuse: shew that the rect. AB, AD 
is equal to the square on AC. 
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Proposition 37. Theorem. 


If from a poirtt vnthout a circle there he drawn two 
straight lineSy one of which cute the circle, and the other 
meets it, and if the rectangle contained hij the whole line 
which cute the circle and the part of it without the circle he 
equal to the square on the U/ne which meets the circle, tlwn 
the line which meets the circle shall he a tangent to it. 


D 



Let ABC be a circle; and from D, a point without it, 
let there be drawn two st. lines DC A and DB, of which 
DC A cuts the circle at C and A, and DB meets it; and let 
the rect. DA, DC -- the sq. on DB: 

then shall DB be a tangent to the circle. 


From D draw DE to touch the ©ABC: iii.lT. 

let E be tlie point of contact. 

Find the centre F, and join FB, FD, FE. iii. 1. 


Then since DC A is a secant, and DE a tangent to the circle, 
.’. the rect. DA, DC - the sq. on DE, ill. 36. 
But, by hypothesis, the rect. DA, DC = the sq. on DB; 

.'. the sq. on DE the sq. on DB, 

.*. DE = DB. 


Hence in the A" DBF, DEF. 

/ DB = DE, Proved. 

Because and BF = EF; iii. Def. 1. 

( and DF is common; 

.*. the .1 DBF = the l DEF. i. 8. 


But DEF is a rt. angle ; iii. 18. 

.’. DBF is also a rt. angle; 
and since BF is a radius, 

DB touches the ©ABC at the point B. 

Q. D. 


NOTE ON THE METHOD OF LIMITS AS APPLIED TO TANGENCY. 


Euclid defines a tangent to a circle ns u stmi<fht line which meets 
the circumference, but being produced, does not cut it: and from this 
definition he deduces the fundamental theorem that a tangent is per- 
pendicular to the radius drawn to the point of contact. Prop. 16. 

But this result may also be established by the Method of Limits, 
which regards the tangent as the ultimate position of a secant when its 
two points of intersection with the circumference are brought into coin- 
cidence [See Note on page 151]: and it may be shewn that every 
theorem relating to the tangent may be derived from some more 
general proposition relating to the secant, by considering the ultimate 
case when the two points of intersection coincide. 

1. To prove by the Method of Limits that a tangent to a circle 
is at right angles to the radius drawn to the point of contact. 

Let ABD be a circle, whose centre 
is C; and PABQ a secant cutting the 
( in A and B ; and let P'AQ' be the 
limiting position of PGl when the point 
B is brought into coincidence with A: 
then shall CA be perp. to P'Q'. 

Bisect AB at E and join CE: 

then CE is perp. to PQ. iii. ‘i. 

Now let the secant PABQ change 
its position in such a way that while the 
point A remains fixc'd, the point B con- 
tinually approaches A, and ultimately 
coincides with it ; 

then, however near B approaches to A, the st. line CE h always 
perp. to PQ, since it joins the centre to the middle point of t)ie chord 
AB. 

But in the limiting position, when B coincides with A. and the 
secant PQ becomes the tangent P'Q\ it is clear tliat the point E will 
also coincide with A; and the perpendicular CE becomes tlio radius 
CA. Hence CA is peri?, to the tangent P'Q' at its point of contact 
A. Q. V.I). 

Note. It follows from Proposition 2 that a straight line ca7inot 
cut the circumference of a circle at more than two points. Now when 
the two points in which a secant cuts a circle move towards coinci- 
dence, the secant ultimately becomes a tangent to the circle: we 
infer therefore that a tangent cannot meet a circle otherwise than 
at its point of contact. Thus Euclid’s definition of a tangent may be 
deduced from that given by the Method of Limits. 
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2. By this Method Proposition 32 may he derived as a special case 
from Proposition 21. 

For let A and B be two points on the c/® 
of the 0 ABC; 

and let BCA, BPA be any two angles in 
the segment BCPA : 

then the z BPA = the l BCA. in. 21. 

Produce PA to C. 

Now let the point P continually approach 
the fixed point A, and ultimately coincide 
with it ; 

then, however near P may approach to A, 
the l BPQ=the / BCA. iii. 21. 

But in the limiting position wlien 
P coincides with A, 

and the secant PAQ becomes the tangent AQ\ 
it is clear that BP will coincide with BA, 
and the £ BPQ becomes the / BAQ\ 

Hence the z BAQ' = the / BCA, in the alternate segment, q. e. d. 


The contact of circles may be treated in a similar manner by 
adopting the following definition. 

Definition. If one or other of two intersecting circles alters its 
position in such a way that the two points of intersection continually 
approach one another, and ultimately coincide ; in the limiting posi- 
tion they are said to touch one another, and the point in which the 
two points of intersection ultimately coincide is called the point of 
contact. 

EXAMPLES ON LIMITS. 

1. Deduce Proposition 19 from the Corollary of Proposition 1 
and Proposition 3. 

2. Deduce Propositions 11 and 12 from Ex. 1, page 156. 

3. Deduce Proposition 6 from Proposition 5. 

4. Deduce Proposition 13 from Proposition 10. 

5. Shew that a straight line outs a circle in two different points, 
two coincident points, or not at all, according as its distance from the 
centre is less than, equal to, or greater than a radius. 

6. Deduce Proposition 32 from Ex. 3, page 188. 

7. Deduce Proposition 36 from Ex. 7, page 209. 

8. The angle in a semi-circle is a right angle. 

To what Theorem is this statement reduced, when the vertex of 
the right angle is brought into coincidence with an extremity of the 
diameter? 

9. From Ex. 1, page 190, deduce the corresponding property of a 
triangle inscribed in a circle^ 
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THEOREMS AND EXAMPLES ON BOOK III. 


I. ON THE CENTRE AND CHORDS OF A CIRCLE. 

See Propositions 1, 3, 14, ir>, 2i">. 

1. All circles which pass through a fixed point, and have their 
centres on a given straight line, pass also through a second fixed point. 

Let AB be the given at. line, and P the given point. 



From P draw PR perp. to AB ; 
and produce PR to P', making RP' equal to PR. 

Then all circles which pass through P, and have their centres on 
AB, shall pass also through P'. 

For let C be the centre of any one of these circles. 

Join CP, CP'. 

Then in the A' CRP, v .iP' 

( CR is common, 

Because J and RP=RP', Constr. 

I and the l CRP=the L CRP', being rt. angles; 

CP = CP'; 1.4. 

the circle whose centre is C, and which passes through P, must 
pass also through P'. 

But C is the centre of any circle of the system ; 
all circles, which pass through P, and have their centres in AB, 
pass also through P'. e- i>- 

2. DetcrUte a circle that shall pass through three given points not 
in the same straight line. 
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3. Describe a circle that shall pass through two given points and 
have its centre in a given straight line. When is this impossible? 

4. Describe a circle of given radius to pass through two given 
points. "V^en is this impossible? 

5. ABC is an isosceles triangle ; and from the vertex A, as centre, 
a circle is described cutting the base, or the base produced, at X and Y. 
Shew that BX = CY. 

6. If two circles which intersect are cut by a straight line 
parallel to the common chord, shew that the parts of it intercepted 
between the circumferences are equal. 

7. If two circles cut one another, any two straight lines drawn 
thi’ough a point of section, making equal angles with the common 
chord, and terminated by the circumferences, are equal. [Ex. 12, 
p. 156.] 

8. If two circles cut one another, of all straight lines drawn 
through a point of section and terminated by the circumferences, the 
greatest is that which is parallel to the line joining the centres. 

9. Two circles, whose centres are C and D, intersect at A, B; 
and through A a straight line PAQ is drawn terminated by the 
circumferences: if PC, QD intersect at X, shew that the angle PXC 
is equal to the angle CAD. 

10. Through a point of section of two circles which cut one 
another draw a straight line terminated by the circumferences and 
bisected at the point of section. 

11. AB is a fixed diameter of a circle, whose centre is C; and 
from P, any point on the circumference, PQ is drawn perpendicular 
to AB; shew that the bisector of the angle CPGl always intersects the 
circle in one or other of two fixed points. 

12. Circles are described on the sides of a quadrilateral as 
diameters: shew that the common chord of any two consecutive 
circles is parallel to the common chord of the other two. [Ex. 9, 
p. 97.] 

13. Two equal circles touch one another externally, and through 
the point of contact two chords are drawn, one in each circle, at 
right angles to each other : shew that the straight line joining their 
other extremities is equal to the diameter of either circle. 

14. Straight lines are drawn from a given external point to the 
circumference of a circle; find the locus of their middle points. 
[Ex. 8, p. 97.] 

15. Two equal segments of circles are described on opposite sides 
of the same chord AB ; and through O, the middle point of AB, any 
straight line POQ is drawn, intersecting the arcs of the segments at 
P and Q ; shew that O P =: OQ. 
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II. ON THE TANGENT AND THE CONTACT OP CIRCLES. 

See Pix>positions II, 12, 16, 17, 18, 19. 

1. All equal chords placed in a given circle touch a fixed concen- 
tric circle. 

2. If from an external point two tangents are drawn to a circle, 
the angle contained by them is double the angle contained hy the 
chord of contact and the diameter drawn through one of the points of 
contact. 

3. Two circles touch one another externally, and through the 
point of contact a straight line is drawn terminated by the circum- 
ferences; shew that the tangents at its extremities are parallel. 

4. Two circles intersect, and through one point of section any 
straight line is drawn terminated by the circumferences: shew that 
the angle between the tangents at its extremities is equal to the angle 
between the tangents at the point of section. 

5. Shew that two parallel tangents to a circ'le intercept on any 
third tangent a segment which subtends a right angle at the centre. 

6. Two tangents are drawn to a given circle from a fixed external 
point A, and any third tangent cuts them produced at P and Gl: shew 
that PQ subtends a constant angle at the centre of the circle. 

7. In any quadrilateral circumscribed about a circle^ the mm of 
one pair of opposite sides is equal to the sum of the other pair. 

8. If the sum of one pair of opposite sides of a quadrilateral is 
equal to the sum of the other pair^ shew that a circle may be inscrihed 
in the figure. 

[Bisect two adjacent angles of the figure, and so describe a circle to 
touch three of its sides. Then prove indirectly by means of the last 
exercise that this circle must also touch the fourth side.] 

9. Two circles touch one another internally: shew tiint of all 
chords of the outer circle which touch the inner, the greatest is that 
which is peiqiendicular to the straight line joining the centi« 

10. In any triangle, if a circle is described from the middle point 
of one side as centre and with a radius equal to half the sum of the 
other two sides, it will touch the circles described on these sides as 
diameters. 

11. Through a given point, draw a straight line to cut a circle, so 
that the part intercepted by the circumference may be equal to a givey 
straight line. 

In order that the problem may be possible, between what limits 
must the given line lie, when the given point is (i) without the circle, 
(ii) within it ? 
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12. A series of circles touch a given straight line at a given point*, 
shew that the tangents to them at the points where they out a given 
parallel straight line all touch a fixed circle, whose centre is the given 
point. 

13. If two circles touch one another internally, and any third 
circle be described touching both; then the sum of the distances of 
the centre of this third circle from the centres of the two given circles 
is constant. 

14. Find the locus of points such that the pairs of tangents 
drawn from them to a given circle contain a constant angle. 

15. Find a point such that the tangents drawn from it to two 
given circles may be equal to two given straight lines. When is this 
impossible? 

16. If three circles touch one another two and two ; prove that 
the tangents drawn to them at the three points of contact are con- 
current and equal. 


The Common Tangents to Two Circles. 

17. To draw a common tangent to two circles. 

First, if the given circles are external to one another, or if they 
intersect. 

Let A be the centre of the 
greater circle, and B the centre 
of the less. 

From A, with radius equal 
to the diff®® of the radii of the 
given circles, describe a circle: 
and from B draw BC to touch 
the last drawn circle. Join AC, 
and produce it to meet the 
greater of the given circles at D. 

Through B draw the radius BE pari to AD, and in the same 
direction. 

Join DE ; 

then DE shall be a common tangent to the two given circles. 


For since AC = the diff®® between AD and BE, Constr. 

/. CD = BE: 

and CD is pari to BE; Comtr, 

DE is equal and pari to CB. i. 33. 

But since BC is a tangent to the circle at C, 

the l ACB is a rt. angle; iii. 18. 

hence each of the angles at D and E is a rt. angle: i. 29. 

DE is a tangent to both circles. ^ q.e.v. 
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It follows from hypothesis that the point B is outside the oirole 
used in the construction : 

two tangents such as BC may always be drawn to it from B ; 
hence two common tangents may always be drawn to the given 
circles by the above method. These are called the direct common 
tangents. 

When the given circles are external to one another and do not 
intersect, two more common tangents may be drawn. 

For, from centre A, with a radius equal to the 8 inn of the radii of 
the given circles, describe a circle. 

From B draw a tangent to this circle ; 
and proceed as before, but draw BE in the direction opposite to AD. 

It follows from hypothesis that B is external to the oirole used in 
the construction ; 

two tangents may be drawn to it from B. 

Hence two more common tangents may be diawn to the given 
circles : these will be found to pass between the given circles, and are 
called the transverse common tangents. 

Thus, in general, four common tangents may he drawn to two 
given circles. 

The student should investigate for himself the number of common 
tangents which may be drawn in the following spechil cases, noting 
in each case where the general construction fails, or is modified: — 

(i) When the given circles intersect : 

(ii) When the given circles have external contact ; 

(iii) When the given circles have internal contact : 

(iv) When one of the given circles is wholly within the other. 

1ft. Draw the direct common tangents to two equal circles. 

19. If the two direct, or the two transverse, common tangents 
are drawn to two circles, the parts of the tangents intercepted be- 
tween the points of contact are equal. 

20. If four common tangents are drawn to two circles external to 
one another; shew that the two direct, and also the two transverse, 
tangents intersect on the straight line which joins the centres of tlie 
circles. 


21. Two given circles have external contact at A, and a direct 
common tangent is drawn to touch tliera at P and Q, : shew that PQ 
subtends a right angle at the point A. 

22. Two circles have external contact at A, and a direct common 
tangent is drawn to touch them at P and Q: shew that a circle 
described on PGt as diameter is touched at A by the straight line 
which joins the centres of the circles. 
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23. Two circles whose centres are C and C' have external contact 
at A, and a direct common tangent is drawn to touch them at P 
and Q : shew that the bisectors of the angles PCA, QC'A meet at 
right angles in PQ. And if R is the point of intersection of the 
bisectors, shew that RA is also a common tangent to the circles. 

24. Two circles have external contact at A, and a direct common 
tangent is drawn to touch them at P and Q : shew that the square 
on PQ is equal to the rectangle contained by the diameters of the 
circles. 

25. Draw a tangent to a given circle, so that the part of it 
intercepted by another given circle may be equal to a given straight 
line. When is this imiDossible? 

26. Draw a secant to two given circles, so that the parts of it 
intercepted by the circumferences may be equal to two given straight 
lines. 


rnOBLKAIS ON TaNGENCY. 

The following exercises are solved by the Method of Inter- 
section of Loci, explained on page 117. 

The student should begin by making himself familiar with 
the following loci. 

(i) The locus of the centres of circles ivhich jiass through two given 
jioints. 

(ii) The locus of the cenUres of circles which touch a given straight 
line at a given point. 

(iii) The locus of the centres of circles which touch a given circle at 
a given point. 

(iv) The locus of the centres of circles ivhich touch a given straight 
line, and have a given radius. 

(v) The locus of the centres of circles which touch a given circle^ 
and have a given radius. 

(vi) The locus of the centres of circles which touch two given 
straight lines. 

In each exercise the student should investigate the limits 
and relations among the data, in order that the problem may be 
possible. 

27. Describe a circle to touch three given straight lines. 

28. Describe a circle to pass through a given point and touch a 
given straight line at a given point. 

29. Describe a circle to pass through a given point, and touch a 
given circle at a given point. 



THEOREMS AND EXAMPLES ON BOOK ITl. 


221 


SO. Describe a circle of given radius to pass tlirough a given 
point, and touch a given straight line. 

31. Describe a circle of given radius to touch two given circles. 

32. Describe a circle of given radius to touch two given straight 
lines. 

33. Describe a circle of given radius to touch a given circle and a 
given straight line. 

34. Describe two circles of given radii to touch one another and 
a given straight line, on the same side of it. 

85. If a circle touches a given circle and a given straight line, 
shew that the points of contact and an extremity of the diameter of 
the given circle at right angles to the given line are colUnear. 

36. To describe a circle to touch a given circle, and also to touch a 
given straight line at a given point. 

Let DEB be the given circle, PQ 
the given st. line, and A the given 
point in it : 

it is required to describe a circle to 
touch the 0 DEB, and also to touch 

PQ at A. 

At A draw AF perp. to PQ : 1 . 11 . 
then the centre of the required circle 
must lie in AF. ni. 19. 

Find C, the centre of the 0 DEB, 

III. 1. 

and draw a diameter BD perp. to 
PQ: 

join A to one extremity D, cutting 
the o'® at E. 

Join CE, and produce it to cut AF at F. 

Then F is the centre, and FA the radius of the required circle. 
[Supply the proof : and shew that a second solution is obtained by 
joining AB, and producing it to meet the : 

also distinguish between the nature of the contact of the circles, when 
PQ cuts, touches, or is without the given circle.] 

87. Describe a circle to touch a given straight line, and to touch 
a given circle at a given point. 

38. Describe a circle to touch a given circle, have its centre in a 
given straight line, and pass through a given point in t*iat straight 
line. 



[For other iiroblems of the same class see page 235.] 
H. E. 15 
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Orthogonaii Circlkk. 

Definition. Circles which intersect at fv point, so that the 
two tangents at that point are at right angles to one another, 
are said to be orthogonal, or to cut one another ortho- 
gonally. 

89. In two intersecting circles the angle between the tangents 
at one point of intersection is equal to the angle between the tangents 
at the other. 

40. If two circles cut one another orthogonally^ the tangent to 
each circle at a point of intersection will pass through the centre of 
the other circle, 

41. If two circles cut one another orthogonally, the square on the 
distance between their centres is equal to the sum of the squares on 
their radii. 

42. Find the locus of the centres of all circles which cut a given 
circle orthogonally at a given point. 

43. Describe a circle to pass through a given point and cut a 
given circle orthogonally at a given point. 


III. ON ANGLES IN SEGMENTS, AND ANGLES AT THE 
CENTRES AND CIRCUMFERENCES OP CIRCLES. 

See Propositions 20, 21, 22; 26, 27, 28, 29; 31, 32, 33, 34. 

1. If two chords intersect within a circle, they form an angle equal 
to that at the centre^ subtended by half the sum of the arcs they cut off. 

Let AB and CD be two chords, intersecting 
at E within the given 0ADBC: 
then shall the i A EC be equal to the angle at 
the centre, subtended by half the sum of the 
arcs AC, BD. 

Join AD. 

Then the ext. / AEC=the sum of the int. 
opp. Z ■ EDA, EAD ; 

that is, the sum of the z *CDA, BAD. 

But the z-CDA, BAD are the angles at 
the subtended by the arcs AC, BD ; 

their sums half the sum of the angles at the centre subtended by 
the same arcs; 

or, the Z A EC = the angle at the centre subtended by half the sum of 
the arcs AC, BD. q. e. d. 
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2. Jf two chords when produced intersect outside a circle, they form 
an antfle equal to that at the centre subtended by half the d{{ference of 
the arcs they cut ojf. 

3. The sum of the arcs cut off by two cliords of a circle at 
angles to one another is equal to the senn-cirrumferenco. 

4. AB, AC are any two chords of a circle; and P, Q are the 
middle points of the minor arcs cut off by them: if PQ is joined, 
cutting AB and AC at X, Y, shew that AX — AY. 

5. If one side of a quadrilateral inscribed in a circle is produced, 
the exterior anyle is equal to the ojtposite interior anyle. 

6. If two circles intersect, and any straight lines are drawn, one 
through each point of section, terminated by the circumferences; 
shew that the chords which join their extremities towards the same 
parts are parallel. 

7. ABCD is a quadrilateral inscribed in a circle ; and the opposite 
sides AB, DC are produced to meet at P, and CB, DA to meet at Q: 
if the circles circumscribed about the triangles PBC, QAB intersect 
at R, shew that the points P, R, Q are collinear. 

8. If a circle is described on one of the sides of a right-angled 
triangle, then the tangent drawn to it at the point wdiero it cuts the 
hypotenuse bisects the other side. 

9. Given three points not in the same straight line ; shew how 
to find any number of points on the circle wliich passes through them, 
without finding the centre. 

10. Through any one of throe given points not in the same 
straight line, draw a tangent to the circle which passes through tliem, 
without finding the centre. 

11. Of two circles which intersect at A and B, the cireuniforence 
of one passes through the eentie of the other : from A nnv straight 
line is drawn to cut the first at C, the second at D ; shew that CB - CD. 

12. Two tangents AP, AQ are drawui to a circle, and B is the 
middle point of the arc PQ, convex to A. Show tliat PB ))isect.s the 
angle APGt 

13. Two circles intersect at A and B ; and at A tangents are 
drawn, one to each circle, to meet the circuinferenccs at C and D ; if 
CB, BD are joined, shew that the triangles ABC, DBA arc equiangular 
to one another. 

14. Two segments of circles are described on the same chord and 
on the same side of it ; the extremities of the common chord are joined 
to any point on the arc of the exterior segment : shew that the arc 
intercepted on the interior segment is constant. 

15 -? 
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15. If a series of triangles are drawtn standing on a fixed base, 
and having a given vertical angle, shew that the bisectors of the verti- 
cal angles all pass through a fixed point. 

16. ABC is a triangle inscribed in a circle, and E the middle 
point of the arc subtended by BC on the side remote from A: if 
through E a diameter ED is drawn, shew that the angle DEA is half 
the difference of the angles at B and C. [See Ex. 7, p. 101.] 

17. If two circles touch each other internally at a point A, any 
chord of the exterior circle which touches the interior is divided at its 
point of contact into segments which subtend equal angles at A. 

IS. If two circles touch one another internally, and a straight 
line is drawn to cut them, the segments of it intercepted between the 
circumferences subtend equal angles at the point of contact. 


The Orthocentrr op a Triangle. 



19. The perpendiculars drawn from the vertices of a triangle to 
the opposite sides are concurrent. 

In the A ABC, let AD, BE be the 
perp* drawn from A and B to the oppo- 
site sides; and let them intersect at O. 

Join CO; and produce it to meet AB 
at F. 

It is required to shew that CF is perp. 

to AB. 

Join DE. 

Then, because the z ■ OEC, ODC are 
rt. angles, 

the points O, E, C, D are coney die : 
the z DEC = the Z DOC, in the same segment ; 

= the vert. opp. z FOA. 

Again, because the z ■ AEB, ADB are rt. angles, 

the points A, E, D, B are concyclic : 
the Z DEB = the Z DAB, in the same segment, 
the sum of the z ■ FOA, FAO=the sum of the Z ■ DEC, DEB 
= a rt. angle: 

the remaining z AFO = art. angle: 
that is, CF is perp. to AB. 

Hence the three perp* AD, BE, CF meet at the point O. q. b. d. 


Hyp, 


Hyp. 
I. 32. 


(For an Alternative Proof see page 106.] 
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Definitions. 

(i) The intersection of the perpendiculars drawn from the 
vertices of a triangle to the opposite aides is called its orthO' 
centre. 

(ii) The triangle formed by joining the feet of the i)erpendi- 
culars is called the pedal or orl^ocentric triangle. 

20. In an acute-angled triangle tJie perpendiculars drawn from 
the vertices to the opposite sides bisect the angles of the pedal triangle 
through which they pass. 

In the acute-angled A ABC, lot AD, 

BE, CF be the perp" drawn from the 
vertices to the opposite sides, meeting 
ut the orthocentre O; and let DEF be 
the pedal triangle : 

then shall AD, BE, CF bisect respect- 
ively the A • FDE, DEF, EFD. 

For, as in the last theorem, it may 
be shewn that the points O, D, C, E are 
concyclic; 

the z ODE = the L OCE, in the same segment. 

Similarly the points O, D, B, F are concyclic; 

the L ODF = the z OBF, in the same segment. 

But the Z OCE=the z OBF, each being the comp‘ of the z BAC. 
the z ODE=the z ODF. 

Similarly it may be shewn that the z ■ DEF, EFD are bisected by 
BE and CF. q. e.i>. 

Corollary, fi) Every two sides of the pedal triangle art equally 
inclined to that side of the original triangle in which they nicer. 

For the z EDC = the comp* of tho z ODE 
= the conjj)‘ of the Z OCE 
= tlie z BAC. 

Similarly it may be shewn that the z FDB=:thp Z BAC, 

.-. the z EDC = the z FDB = the z A. 

In like manner it may be proved that 

the z DEC := the z FEA = the z B, 
and the Z DFB=:the z EFA = the z C. 

Corollary, (ii) The triangles DEC, AEF, DBF are equiangular 
to one another and to the triangle ABC. 

Note. If the angle BAC is obtuse, then the perpendiculars BE, CF 
bisect externally the corresponding angles of the pedal triangle. 
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21. In any triangle, if the perpendiculars drawn from the vertices 
on the opposite sides are produced to meet the circumscribed circle, 
then each side bisects that portion of the line perpendicular to it which 
lies between the orthocentre and the circumference. 


Let ABC be a triangle in which the perpen- 
diculars AD, BE are drawn, intersecting at O the 
orthocentre; and let AD be produced to meet 
the of the circumscribing circle at G : 
then shall DO=:DG. 

Join BG. 


Then in the two A* OEA, ODB, 
the z OEA = the z ODB, being rt. angles; 
and the z EGA = the vert. opp. Z DOB; 

.'. the remaining z EAO = the remaining z DBO 



I. 32. 


But the Z CAG = the z CBG, in the same segment; 
the z DBO = the Z DBG. 


Then in the a" DBO, DBG, 


(the Z DBO=the z DBG, 
Uocause |the Z BDO = the z BDG, 

Proved. 

( and BD is common; 


DO=DG. 

1. 26. 
Q. E. 1). 


22. In an acute-angled triangle the three sides are the external 
bisectors of the angles of the pedal triangle : and in an obtuse-angled 
triangle the sides containing the obtuse angle are the internal bisectors 
of the corresponding angles of the pedal triangle. 

23. If O is the orthocentre of the triangle ABC, shew that the 
angles BOO, BAC are supplementary. 

24. If O is the orthocentre of the triangle ABC, then any one of 
the four points O, A, B, 0 is the orthocentre of the triangle whose 
vertices are the other three. 


25. The three circles which pass through two vertices of a triangle 
and its orthocentre are each equal to the circle circumscribed about the 
tnangle, 

20. D , E are taken on the circumference of a semicircle described 
on a given straight line AB : the chords AD, BE and AE, BD 
intersect (produced if necessary) at F and G: shew that FG is per- 
pendicular to AB. 

27. A BCD is a parallelogram; AE and CE are drawn at right 
angles to AB, and CB respectively: shew that ED, if produced, will 
be perpendicular to AC, 
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28. ABC is a triangle, O is its orthocentre, and AK a diameter 
of the circumscribed circle: shew that BOCK is a parallelogram. 

29. The orthooentre of a triangle is joined to the middle point of 
the base, and the joining line is product to meet the circumscribed 
circle : prove that it will meet it at the same point as the diameter 
which passes through the vertex. 

SO. The perpendicular from the vertex of a triangle on the base, 
and the straight line joining the orthocentre to the middle point of 
the base, are produced to meet the circumscribed circle at P and O : 
shew that PGt is parallel to the base. 

31. The distance of each vertex of a triangle from the orthocentre 
is double of the perpendicular drawn from the centre of the circum- 
scribed circle on the opposite side, 

32. Three circles are described each passing through the ortho- 
centre of a triangle and two of its vertices: shew that the triangle 
formed by joining their centres is equal in all respects to the original 
triangle. 

33. ABC is a triangle inscribed in a circle, and the bisectors of its 
angles which intersect at O are produced to meet the circumference in 
PQR : shew that O is the orthooentre of the triangle PCR. 

34. Construct a triangle, having given a vertex, the orthocentre, 
and the centre of the circumscribed circle. 


Loci. 

35. Given the base and vertical angle 
of its orthocentre. 

Let BC be the given base, and X the 
given angle; and let BAC be any triangle 
on the base BC, having its vertical / A 
equal to the z X. 

Draw the perp* BE, CF, intersecting 
at the orthocentre O. 

It is required to find the locus of O. 

Since the z • OFA, OEA are rt. angles, 
the points O, F, A, E are concyclic ; 

.‘.the Z FOE is the supplement of the z 

the vert. opp. z BOC is the supplement of the z A. 

But the z A is constant, being always equal to the z X; 
its supplement is constant ; 

that is, the A BOC has a fixed base, and constant vertical angle ; 
lienee the locus of its vertex O is the arc of a segment of which BC is 
the chord. [See p. 187.] 


of a triangle^ find the locus 


A 
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86. Given the hose and vertical angle of a triangle^ find the locut 
of the intersection of the bisectors of its angles. 

Let BAG be any triangle on the given 
base BC, having its vertical angle equal to 
the given / X; and let Al, Bl, Cl be the 
bisectors of its angles: [see Ex. 2, p. 103.] 
it is required to find the locus of the 
point I. 

Denote the angles of the A ABC by 
A, B, C ; and let the i BIC be denoted by I. 

Then from the a BIC, 

(i) I + JB + JC = two rt. angles, i. 32. 

and from the A ABC, 

A + B + C = two rt. angles ; i. 32. 

(ii) so that JA + JB + JC = one rt. angle, 

, taking the differences of the equals in (i) and (ii), 
l-iA = one rt. angle : 
or, I = one rt. angle + j A. 

But A is constant, being always equal to the L X ; 

1 is constant : 

, since the base BC is fixed, the locus of I is the arc of a segment 
of which BC is the chord. 

37. Given the base and vertical angU of a triangle^ find the locus 
of the centroid^ that is, the intersection of the medians. 

Let BAC be any triangle on the given 
base BC, having its vertical angle equal 
to the given angle S; let the medians AX, 

BY, CZ intersect at the centroid G [see 
Ex'. 4, p. 106]: 

it is required to find the locus of the point G . 

Through G draw GP, GQ par^ to AB 
and AC respectively. 

Then ZG is a third part of ZC; 

Ex. 4, p. 105. 
and since GP is par^ to Z B, 

BP is a third part of BC. Ex. 19, p. 99. 

Similarly QC is a third part of BC ; 

P and Q are fixed points. 

Now since PG, GQ are par’ respectively to BA, AC, Const r, 

the I PGQ=the l BAC, i. 29. 

=the i S, 

that is, the I PGQ is constant; 
and since the base PQ is fixed, 

.*. the locus of G is the arc of a segment of which PQ is the cl^ord. 
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Ohs. In this problem the points A and G move on the arcs of 
similar segments. 

88. Given the base and the vertical angle of a triangle ; find the 
locus of the intersection of the bisectors of the exterior base angles. 

39. Through the extremities of a given straight line AB any two 
parallel straight lines AP, BQ are drawn ; find the locus of the inter- 
section of the bisectors of the angles PAB, GBA. 

40. Find the locus of the middle points of chords of a circle drawn 
through a fixed point. 

Distinguish between the cases when the given point is within, 
on, or without the circumference. 

41. Find the locus of the points of contact of tangents drawn 
from a fixed point to a system of concentric circles. 

42. Find the locus of the intersection of straiglit lines which pass 
through two fixed points on a circle and intercept on its circumference 
an arc of constant length. 

43. A and B are two fixed points on the circumference of a circle, 
and PG is any diameter : find the locus of the intersection of PA and 

GB. 


44. BAG is any triangle described on the fixed base BC and 
having a constant vertical angle ; and BA is produced to P, so that 
BP is equal to the sum of the sides containing the vertical angle: find 
the locus of P. 

45. AB is a fixed chord of a circle, and AC is a moveable chord 
passing through A : if the parallelogram CB is completed, find the 
locus of the intersection of its diagonals. 

46. A straight rod PG slides between two rulers placed at right 
angles to one another, and from its extremities PX, GX are drawn 
I)erpendicular to the rulers: find the locus of X. 

47. Two circles whose centres are C and D, intersect at A and B : 
through A, any straight line PAG is drawn tenninated by the circum- 
ferences; and PC, GD intersect at X: find the locus of X, and shew 
that it passes through B. [Ex. 9, p. 216.] 

48. Two circles intersect at A and B, and through P, any point 
on the circumference of one of them, two straight lines PA, PB 
are drawn, and produced if necessary, to cut the other circle at X 
and Y : find the locus of the intersection of AY and BX. 

49. Two circles intersect at A and B; HAK is a fixed straight 
line drawn through A and terminated by the circumferences, and 
PAG is any other straight line similarly drawn: find tho locus of the 
iutersoclion of HP and GK. 
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50. Two segments of circles are on the same chord AB and on 
the same side of it ; and P and Ql are any points one on each arc : 
hnd the locus of the intersection of the bisectors of the angles PAQ, 
PBQ. 


51. Two circles intersect at A and B ; and through A any straight 
line PAQ is drawn terminated by the circumferences: find the locus of 
the middle point of PQ. 


Miscellaneous Examples on Angles in a Cibclk. 

52. ABC is a triangle, and circles are drawn through B, C, cutting 
the sides in P, Ql, P', Ql\ : shew that PQ, P'Q' ... are parallel to one 
another and to the tangent drawn at A to the circle circumscribed 
about the triangle. 

53. Two circles intersect at B and C, and from any point A, on 
the circumference of one of them, AB, AC are drawn, and produced if 
necessary, to meet the other at D and E: shew that DE is parallel to 
the tangent at A. 

54. A secant PAB and a tangent PT are drawn to a circle from 
an external point P; and the bisector of the angle ATB meets AB at 
C : shew that PC is equal to PT. 

55. From a point A on the circumference of a circle two chords 
AB, AC are drawn, and also the diameter AF ; if AB, AC are produced 
to meet the tangent at F in D and E, shew that the triangles ABC, 
AED are equiangular to one another. 

50. O is any point within a triangle ABC, and CD, OE, OF are 
drawn perpendicular to BC, CA, AB respectively : shew that the 
angle BOC is equal to the sum of the angles BAC, EDF. 

57. If two tangents are drawn to a circle from an external point, 
shew that they contain an angle equal to the difference of the angles 
in the segments cut off by the chord of contact. 

58. Two circles intersect, and through a point of section a straight 
line is drawn bisecting tlie angle between the diameters through that 
point : shew that this straight line cuts off similar segments from the 
two circles. 

59. Two equal circles intersect at A and B ; and from centre 

A, with any radius less than AB a third circle is described cutting the 
given circles on the same side of AB at C and D: shew that the points 

B, C, D are collinear. 

CO. ABC and A^B'C' are two triangles inscribed in a circle, so that 
AB, AC are respectively parallel to A'B', A'C' ; shew that BC' is 
parallel to B'C. 
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61. Two circles intersect at A and B, and through A two straight 
lines HAK, PAQ are drawn terminated by the circumferences ; if 
HP and KGl intersect at X, shew that the points H, B, K, X are 
concyclic. 

62. Describe a circle touching a given straight line at a given 
point, so that tangents drawn to it from two fixed points in the given 
line may be parallel. [See Ex. 10, p. 183.] 

63. C is the centre of a circle, and CA, CB two fixed radii: if 
from any point P on the arc AB perpendiculars PX, PY arc drawn to 
CA and CB, shew that the distance XY is constant. 

64. AB is a chord of a circle, and P any point in its circum- 
ference; PM is drawn perpendicular to AB, and AN is drawn perpen- 
dicular to the tangent at P : shew that MN is parallel to PB. 

65. P is any point on the circumference of a circle of which AB is 
a fixed diameter, and PN is drawn perpendicular to AB ; on AN and 
BN as diameters circles are described, which are cut by AP, BP 
at X and Y : shew that XY is a common tangent to these circles. 

66. Upon the same chord and on the same side of it three seg- 
ments of circles are described containing respectively a given angle, 
its supplement and a right angle: shew that the intercept made by the 
two former segments upon any straight line drawn through an ex- 
tremity of the given chord is bisected by the latter segment. 

67. Two straight lines of indefinite length touch a given circh;, 
and any chord is drawn so as to be bisected by the chord of contact : 
if the former chord is produced, shew that the intercepts between the 
circumference and the tangents are equal. 

68. Two circles intersect one auother : through one of the points 
of contact draw a straight line of given length terminated by the cir- 
cumferences. 

69. On the three sides of any triangle equilateral triangles arc 
described remote from the gi\en triangle: shew that the cin-les de- 
scribed about them intersect at a point. 

70. On BC, CA, AB the sides of a triangle ABC, any points 
P. Q, R are taken; shew that the circles described about the tiiangU s 
AQR, BRP, CPQ meet in a i)oint. 

71. Find a point within a triangle at which the sides subtend 
equal angles. 

72. Describe an equilateral triangle so that its sides may pa - 
through three given points. 

73. Describe a triangle equal in all respects to a given triangle, 
ftnd having its sides passing through three given points. 
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Simson’s Line. 

74. If from any point on the circumference of the circle circum- 
scribed about a triangle^ perpendiculars are drawn to the three sides^ the 
feet of these perpendiculars are collinear. 

Let P be any point on the o®* of the 
circle circumscribed about the a ABC ; 
and let PD, PE, PF be the perp“ drawn 
from P to the three sides. 

It is required to prove that the points 
D, E, F are collinear. 

Join FD and DE: 

then FD and DE shall be in the same 
st. line. 

Join PB, PC. 

Because the z " PDB, PFB are rt. angles, Hyp, 

the points P, D, B, F are concylic: 
the Z PDF=the z PBF, in the same segment. in. 21. 

But since BACP is a quad' inscribed in a circle, having one of its 
sides AB produced to F, 

the ext. Z PBF = the opp. int. Z ACP. Ex. 3, p. 188, 
the z PDF=the z ACP. 

To each add the Z PDE : 
then the z-PDF, PDE=the Z"ECP, PDE. 

But since tlie z " PDC, PEC are rt. angles, 
the points P, D, E, C are concylic ; 
the z " ECP, PDE together = two rt. angles: 
the Z'PDF, PDE together = two rt. angles; 

FD and DE are in the same st. line; 1 . 14. 

that is, the points D, E, F are collinear. q.k.d. 

[The line FDE is called the Pedal or Simion’s Line of the triangle 
ABC for the point P ; though the tradition attributing the theorem to 
Kobert Simson has been recently shaken by the researches of Dr. J. S. 
Mackay. ] 

75. ABC is a triangle inscribed in a circle ; and from any point P 
on the circumference PD, PF are drawn perpendicular to BC and AB : 
if FD, or FD produced, cuts AC at E, shew that PE is i)erpcndicular 
to AC. 

76. Find the locus of a point which moves so that if ])crpendicu- 
lars are drawn from it to the sides of a given triangle, their feet are 
collinear. 

77. ABC and AB'C' are two triangles having a common vertical 

angle, and the circles circumscribed about them meet again at P : shew 
that the feet of perpendiculars drawn from P to the four lines AB, AC, 
BC, B'C' are collinear. ^ 




THEOREMS AND EXAMPLES ON BOOK TIT. 


233 


78. A triangU is in^rihed in a circle^ and any point P on the cir- 
mi^eren/x ia joined to the orthocentre of the triangle ; shew that this 
joining line is bisected by the pedal of the point P. 


TV. ON THE CIRCLE IN CONNECTION WITH RECTANGLES. 

See Propositions 35, 3G, 37. 

If from any extenuil point P two tangents arc draicn to a 
given circle whose centre is O, and if OP meets the chord of contact 
at Q; then the rectangle OP, OQ is equal to the square on the radius. 

Let PH, PK be tangents, drawn from 
the external point P to the © HAK, whose 
centre is O; and let OP meet HK the 
chord of contact at Q, and the O'® at A : 
then shall the rect. OP, OQ=the sq. on 
OA. 

On HP as diameter describe a circle : 
this circle must pass through Q, since the 
Z HOP is a rt. angle. iii. 31. 

Join OH. 

Then since PH is a tangent to the © HAK, 

. *. the Z OHP is a rt. angle. 

And since HP is a diameter of the ©; HQP, 

. OH touches the © HQP at H. 

the rect. OP, OQ — the sq. on OH, 

= the sq. on OA. 

2. ABC is a triangle, and AD, BE, OF the perpendiculars drawn 
from the vertices to the opposite sides, meeting in the orthocentre O : 
shew that the rect. AO, OD — lhe rect. BO, OE = the rect. CO. OF. 

8. ABC is a triangle, and AD, BE the perpendicular.^ drawn 
from A and B on the opposite sides : shew that the rectangle CA, CE 
is equal to the rectangle CB, CD. 

4. ABC is a triangle right-angled at C, and from D, any point in 
the hypotenuse AB, a straight line DE is drawn perpendicular to AB 
and meeting BO at E : shew that the square on DE is C(iual to 
the difference of the rectangles AD, DB and CE, EB. 

5. From an external point P two tangents are drawn to a 
given circle whose centre is O, and OP meets the chord of contact 
at Q: shew that any circle which passes through the points P, Q 
yKiiiX cut the given circle orthogonally. [See Def. p. 222.] 



g. K. D. 
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6. A series of circles pass through two given points, and from a 
fixed point in the common chord produced tangents are drawn to all the 
circles: shew that the points of contact lie on a circle which cuts 
all the given circles orthogonally. 

7. All circles which pass through a fixed point, and cut a given 
circle orthogonally, pass also through a second fixed point. 

8. Find tlie locus of the centres of all circles which pass through 
a given point and cut a given circle orthogonally. 

9. Describe a circle to pass through two given points and cut a 
given circle orthogonally. 

10. A, B, C, D are four points taken in order on a given straight 
line: find a point O between B and C such that the rectangle 
OA, OB may be equal to the rectangle OC, OD. 

11. AB is a fixed diameter of a circle, and CD a fixed straight 
line of indefinite length cutting AB or AB produced at right angles ; 
any straight line is drawn through A to cut CD at P and the circle at 
Q: shew that the rectangle AP, AQ is constant. 

12. AB is a fixed diameter of a circle, and CD a fixed chord 
at right angles to AB ; any straight line is drawn through A to 
cut CD at P and the circle at Q: shew that the rectangle AP, AO 
is equal to the square on AC. 

13. A is a fixed point and CD a fixed straight line of indefinite 
length; AP is any straight line drawn through A to meet CD at P; 
and in AP a point Ql is taken such that the rectangle AP, AO is 
constant: find the locus of O. 

14. Two circles intersect orthogonally, and tangents are drawn 
from any point on the circumference of one to touch the other : prove 
that the first circle passes through the middle point of the chord of 
contact of the tangents. [Ex. 1, p. 233.] 

15. A semicircle is described on AB as diameter, and any two 
chords AC, BD are drawn intersecting at P : shew that 

AB2=AC. AP+BD. BP. 

16. Two circles intersect at B and C, and the two direct common 
tangents AE and DF are drawn : if the common chord is produced to 
meet the tangents at Q and H, shew that GH2 = AE‘-* + BC®. 

17. If from a point P, without a circle, PM is drawn perpendicular 
to a diameter AB, and also a secant PCD, shew that 

PM« = PC. PD + AM. MB. 
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18. Tlirne (Mrclos intrTscet at D, aihl tlioir other points of inter- 
section are A, B, C ; AD cuts the cin lo BDC at E, and EB, EC eut 

circles ADB, ADC respectively at F and G : show tliat the points 
F, A, G are collinear, and F, B, C, G coneyclie. 

19. A semicircle is described on a gi^en diameter BC, and from 
B and C any two chords BE, CF are drawn intersecting within 
the semicircle at O; BF and CE are produced to meet at A: shew 
that the sum of the 8C(uares on AB, AC is equal to twice the square on 
the tangent from A together with the square on BC. 

20. X and Y are two fixed points in the diameter of a circle 
equidistant from the centre C : through X any chord PXQ i.i drawn, 
and its extremities are joined to Y; shew tJiat tho sum of the 
squares on the sides of the triangle PYQ is constant. [See p. 147. 


ruoBTiKMS OX 


21. 2'o descrilte a circle to patts 

touch a given straight line. 

Let A and B be the given points, 
and CD the given st. line: 
it is required to describe a circle to 
pass through A and B and to touch 

CD. 

Join BA, and produce it to meet 
CD at P. ■ 

Describe a square equal to the CP Q D 

rect. PA, PB ; ii. 14. 

and from PD (or PC) cut off PQ equal to a side of this square. 

Through A, B and Q describe a circle. Ex. i, p. l.Vh 
Then since the rect. PA, PB = the sq. on PG, 

. *. the 0 ABQ touches CD at Q. jii. 'M. 

g. r. 

Notk. (i) Since PQ may be taken on either side of P, it. is 
clear that there are in general two solutions of the problem. 

(ii) When AB is parallel to the given line CD, the above method 
is not applicable. In this case a simple construction follows from 
ni. 1, Cor. and iii 16* and it will bo found that only one solution 
exista 


TAXUKNCy. 

through two given points and to 
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22. To describe a circle to pass through two given points and 
to t^uch a given circle. 

Let A and B be the given 
points, and CRP the given 
circle : 

it is required to describe a 
circle to pass through A and 
B, and to touch the oCRP. 

Through A and B de- 
scribe any circle to cut the 
given circle at P and Q. 

Join AB, PQ, and pro- 
duce them to meet at D. 

From D draw DC to touch the given circle, and let C be the point 
of contact. 

Then the circle described through A, B, C will touch the given 
circle. 

For, from the ©ABQP, the rect. DA, DB = the rect. DP, DQ: 


and from the © PQC, the rect. DP, DQ=the sq. on DC; ni. 36. 
the rect. DA, DB = the sq. on DC: 

DC touches the © ABC at C. iii. 37. 

But DC touches the © PQC at C ; Constr. 

.*. the © ABC touches the given circle, and it passes through the 

given points A and B. q.e.f. 


Note, (ij Since two tangents may be drawn from D to the 
given circle, it follows that there will be two solutions of the problem. 

(ii) The general construction fails when the straight line bisect- 
ing AB at right angles passes through the centre of the given circle : 
the problem then becomes symmetrical, and the solution is obvious. 



23. To describe a circle to pass through a given point and to 
touch two given straight lines. 

Let P be the given point, and 
AB, AC the given straight lines: 
it is required to describe a circle 
to pass through P and to touch 
AB, AC. 

Now the centre of every circle 
which touches AB and AC must 
lie on the bisector of the L BAC. 

Ex. 7, p. 183. 

Hence draw AE bisecting the ^ B 

L BAC. 

From P draw PK perp. to AE, and produce it to P', 
making KP' equal to PK. ^ 
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Then every circle which has its centre in AE, and passes through 
P, must also pass through P'. P^x. 1, p. 216. 

Hence the problem is now reduced to drawing a circle through 
P and P' to touch either AC or AB. PiX. 21, p. 235. 

Produce P'P to meet AC el S. 

Describe a square equal to the rect. SP, SP'; li. 14, 
and cut off SR equal to a side of the square. 

I>e8cribe a circle through the points P', P, R, 

then since the rc^ct. SP, SP' — the sq. on SR, Const r. 

the circle touches AC at R ; iii. 37. 

and since its centre is in AE, the bisector of the / BAC, 

it may be shewn also to touch AB. g. k. f. 

Note, (i) Since SR may be taken on either side of S, it follows 
that there will be two solutions of the problem. 

(ii) If the given straight lines are parallel, the centre lies on the 
jDarallel straight line mid-way between them, and tlie construction 
proceeds as before. 

24. To describe a circle to touch two (jiven strnitjht lines and a 
given circle. 

Let AB, AC be the two given H 

st. lines, and D the centre of the 
given circle : 

it is required to describe a circle 
to touch AB, AC and the circle 
whose centre is D. 

Draw EF, GH pur* to AB 
and AC respectively, on the sides 
remote from D, and at distances 
from them equal to the radius of 
the given circle. 

Describe the gMND to touch EF and GH at M and N, and 
to pass through D. Ex. 23, p. 230. 

Let O be the centre of this circle. 

Join CM, ON, CD meeting AB, AC and the given circle at P, Q 

and R. 

Then a circle described from centre O with radius OP nviII toiudi 
AB, AC and the given circle. 

For since O is the centre of the 0 M N D, 

But PM = aN = RD; 

.-. OP = OQ=OR. 

a circle described from centre O, with radius OP, will pass through 

Q and R. 

And since the z * at M and N are rt. angles, iii. 18. 

.*. the z • at P and Q, are rt. angles ; i. 29. 

the 0 PQR touches AB and AC. 
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And Bince R, the jioint in which the circles meet, is on the line of 
centres OD, 

, *. the © PQR touches the given circle. y. e. f. 

Note. There will be two solutions of this problem, since two 
circles may be drawn to touch EF, QH and to pass through D. 

25. To describe a circle to pass throafjh a, given point and tonvh a 
given straight line and a given circle, 

Tjet P be the given point, AB the 
given st. line, and DHE the given 
circle, of which C is the centre : 
it is required to describe a circle to 
pass through P, and to touch AB 
and the © DHE. 

Through C draw DCEF perp. to 
AB, cutting the circle at the points 
D and E, of which E is between C 
and AB. 

Join DP ; 

and by describing a circle through 
F, E, and P, find a point K in DP (or DP produced) such that the 
rect. DE, DF = therect. DK, DP. 

Describe a circle to pass through P, K and touch AB : Ex. 21, p. 235. 

This circle shall also touch the given © DHE. 

For let G be the point at which this circle touches AB. 

Join DG, cutting the given circle DHE at H. 

Join HE. 

Then the z DHE is a rt. angle, being in a semicircle 
also the angle at F is a rt. angle ; 
the points E, F, G, H are concyclic: 
the rect. DE, DF=the rect. DH, DG 
but the rect. DE, DF = the rect. DK, DP : 
the rect. DH, DG=the rect. DK, DP: 

.*. the point H is on the © PKG. 

Let O be the centre of the © PHG. 

Join OG, OH, CH. 

Then OG and DF are par^ since they are both perp. to AB ; 
and DG meets them. 

.-. thezOGD=thezGDC. i. 29. 

But since OG=OH, and CD = CH, 
thezOGH=thezOHG ; and thez CDH=thez CHD : 

.*. thezOHG = thezOHD; 

.•. OH and CH are in one st. line. 

the 0 PHG touches the given © DHE. q , e. f. 


ni. 31. 

Const!' . 

in. 36. 
Constr. 
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Note, (i) Bincc two circles may be drawn to pass through 
P, K and to touch AB, it follows that there will be two solutions 
of the present problem. 

(ii) Two more solutions may be obtained by joining PE, and 
proceeding as before. 

The student should examine the nature of the contact between the 
circles in each case. 

26. Describe a circle to pass through a given point, to touch 
a given straight line, and to have its centre on another given straight 
line. 


27. Describe a circle to pass through a given point, to touch 
a given circle, and to have its centre on a given straight line. 

28. Describe a circle to pass through two given points, and to 
intercept an arc of given length on a given circle. 

29. Describe a circle to touch a given circle and a given straight 
line at a given i)oint. 

30. Describe a circle to touch two given circles and a given 
straight line. 


V. ON MAXIMA AND MINIMA. 

We gather from the Theory of Loci that the position of an 
angle, line or figure is capable under suitable conditions of 
gradual change ; and it is usually found that change of position 
mvolves a corresponding and gradual change of magnitudfs. 

Under these circumstances we may be required to note if 
any situations exist at which the magnitude in question, after 
increasing, begins to decrease ; or after decreasing, to increase : 
in such situations the Magnitude is said to have reach^ a 
‘ lyfa.ylTnnTn or a MiTiimiini value; for in the former case it is 
greater, and in the latter case less than in adjacent situations 
on either side. In the geometry of the circle and straight line 
we only meet with such cases of continuous change as admit of 
one transition from an increasing to a decreasing state — or vice 
versd — so that in all the problems with which we have to deal 
(where a single circle is involved) there can be only one Maximum 
and one Minimum— the Maximum being the neatest, and the 
Minimum being the least value that the variable magnitude is 
capable of taking. 


16-2 
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Thus a variable geometrical magnitude reaches its maximum 
or minimum value at a turnmg •pointy towards which the magni- 
tude may mount or descend from either side : it is natural there- 
fore to expect a maximum or minimum value to occur when, in 
the course of its change, the magnitude assumes a symmetrical 
form or position ; and tnis is usually found to be the case. 

This general connection between a symmetrical form or posi- 
tion and a maximum or minimum value is not exact enough to 
constitute a proof in any particular problem ; but by means of 
it a situation is suggested, which on further examination may be 
shewn to give the maximum or minimum value sought for. 

For example, suppose it is required 
to determine the greatest straiglU line that may he drawn perpen- 
dicular to the chord of a segment of a circle and intercepted 
between the chord and the arc: 

we immediately anticipate that the greatest perpendicular is 
that which occupies a symmetrical position in the figure, namely 
the perpendicular which passes through the micldle point of the 
chom ; and on further examination this may be proved to be the 
case by means of i. 19, and i. 34. 

Again we are able to find at what point a geometrical magni- 
tude, varying under certain conditions, assumes its Maximum or 
Minimum value, if we can discover a construction for drawing 
the nmgnitude so that it may have an cLssigned value : for wo 
may then examine between what limits the assigned value must 
lie in order that the construction may be possible; and the 
higher or lower limit will give the Maximum or Minimum 
sought for. 

It was pointed out in the chapter on the Intersection of Loci, 
[see page 119] that if under certain conditions existing among 
the data, two solutions of a problem are possible, and under other 
conditions, no solution exists, there will always be some inter- 
mediate condition under which one and only one distinct solution 
is possible. 

Under these circumstances this single or limiting solution 
will always be found to correspond to the maximum or minimum 
value of the magnitude to be constructed. 

1. For example, suppose it is required 
to divide a given straight line so that the rectangle contained hy the 
two segments may he a maximum. 

We may first attempt to divide the given straight line so that the 
rectangle contained by its se^ents may have a given area — ^that is, 
be equal to the square on a given straight line. ^ 
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Let AB be the given straight line, and K the side of the given 
square: 


Y 



X aHT 



M B 


it is required to divide the st. liuc AB ut a point M, bo that 
the rect. AM, MB may be equal to the sq. on K. 

Adopting a construction suggested by ii. 14, 

describe a semicircle on AB; and at any point X in AB, or AB 
produced, draw XY perp. to AB, and equal to K. 

Through Y draw YZ par* to AB, tt> meet the arc of the Hemicirclo 
at P. 

Then if the i^erp. PM is drawn to AB, it may be sliewn after the 
manner of ii. 14, or by iii. 35 that 

the rect. AM, MB — the sq. on PM. 

— the sq. on K. 

So that the rectangle AM, MB increases as K increases. 

Now if K is less than the radius CD, then YZ will meet the arc 
of the semicircle in two points P, P'; and it follows that AB may be 
divided at two points, so that the rectangle contained by its segments 
may be equal to the square on K. If K increases, the st. line YZ 
^vill recede from AB, and the points of intersection P, P' will con- 
tinually approach one another ; until, when K is equal to the radius 
CD, the Bt. line YZ (n»)W in the position Y'Z') will meet the arc in 
two coincident jxdnts, that js, will touch the semicircle at D; and 
there will be only one solution of the problem. 

If K is greater than CD, the straight line YZ will not me<H the 
semicircle, and the problem is impossible. 

Hence the greatest Icrngth that K may have, in order that tbe con- 
struction may be possible, is the radius CD. 

.-. the rect. AM, MB is a maximum, when it is etiual to the square 
on CD ; 

that is, when PM coincub s with DC, and consequently when M 
is the middle point of AB. 

Obs. The special feature to be noticed in this problem is that the 
maximum is found at the transitional point between two solutions 
and VO solution; that is, when the two solutions coincide and become 
identical. 
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The following example illustrates the same point. 

2. To find at what point in a given straight line the angle subtended 
by the line joining two given points, which are on the sains side of the 
given straight line, is a maximum. 

Let CD be the given st. line, and A, B the given points on the 
same side of CD : 

it is required to find at what point in CD the angle subtended by the 
st. line AB is a maximum. 

First determine at what point in CD, the st. line AB subtends a 
given angle. 

This is done as follows: — 

On AB describe a segment of a circle containing an angle equal to 
the given angle. iii. 33. 

If the arc of this segment intersects CD, two points in CD are 
found at which AB subtends the given angle: but if the arc does not 
meet CD, no solution is given. 

In accordance with the principles explained above, we expect that 
a maximum angle is determined at the limiting position, that is, 
when the arc touches CD; or meets it at two coincident points. 

This we may prove to be the case. 

Describe a circle to pass through A and 
B, and to touch the st. line CD. 

[Ex. 21, p. 235.] 

Let P be the point of contact. 

Then shall the L APB be greater than 
any other angle subtended by A B at a point 
in CD on the same side of A B as P. 

For take Q, any other point in CD, on 
the same side of AB as P ; 

and join AQ, QB. 

Since Q is a point in the tangent other 
than the point of contact, it must be with- 
out the circle, 

either BQ or AQ must meet the arc of the segment APB. 

Let BQ meet the arc at K ; join AK. 

Then the L APB = the L AKB, in the same segment: 
but the ext. z AKB is greater than the int. opp. z AQB. 

the Z APB is greater than AQB. 

Similarly the z APB may be shewn to be greater than any other 
angle subtended by AB at a point in CD on the same side of AB: 

that is, the z APB is the greatest of all such angles, q. e. n. 

Note. Two circles may be described to pass through A and B, 
and to touch CD, the points of contact being on opposite sides of AB: 


[See page 213.] 




THEOKEMa AND EXAMPLES ON BOOK IH. 


243 


hence two points in CD may be found such that the angle subtended 
by AB at each of them is greater tlian the angle subtended at any 
other point in CD on the same side of AB. 

We add two more examples of considerable importance. 

3. In a straight line of indefinite length find anoint such that the 
sum of its distances from two given points, on the same side of the given 
Urn, shall be a minimum. 

Let CD be the given si. line of 
indefinite length, and A, B the given 
points on the same side of CD : 
it is required to find a point P in 
CD such that the sum of AP, PB is 
a minimum. 

Draw AF perp. to CD ; 
and produce AF to E, making FE 
equal to AF. 

Join EB, cutting CD at P. 

Join AP, PB. 

Then of all lines drawn from A 
and B to a point in CD, 

the sum of AP, PB shall be the least. 

For, let Q be any other point in CD. 

Join AQ, BQ, EQ. 

Now in the a“ AFP, EFP, 

! AF=:EF, Constr. 

and FP is common ; 

and the Z AFP — the Z EFP, being rt. angles. 

AP=EP. 1.4. 

Similarly it may be shewn that 

AQ^EQ. 

Now in the A EQB, the two sides EQ, QB are together greater 
than EB; 

hence, AQ, QB aie together greater than EB, 
that is, greater than AP, PB. 

Similarly the sura of the st. lines drawn from A and B to any other 
point in CD may be shewn to bo grouter than AP, PB. 

the sum of AP, PB is a minimum. 

g. E. r>. 

Note. It follows from the above proof that 

the Z APF — the Z EPF i. J. 

“the z BPD. I. ir>. 

Thus the sum of AP, PB is a minimum, when tbese lines are 
equally inclined f- 
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4. Given two intersecting straight lines AB, AC, and a point P 
between them; shew that of all straight lines which pass through P 
and are terminated by AB, AC, that which is bisected at P cuts off the 
triangle of minimum area. 

Let EF be the st. line, terminated 
by AB, AC, which is bisected at P: 
then the a FAE shall be of mini- 
mum area. 

For let HK be any other st. line 
passing through P : 

through E draw EM par’ to AC. 

Then in the a'HPF, MPE, 


( the I HPF = the z MPE, i. 15. 

Because ^ and the z HFP=the z MEP, i. 29. 

( andFP=:EP; Hyp. 

the A HPF=the A MPE. i. 26, Cor. 


But the A MPE is less than the a KPE ; 
the A HPF is less than the a KPE: 
to each add the fig. AH PE; 
then the a FAE is less than the a HAK. 

Similarly it may be shewn that the a FAE is less than any other 
triangle formed by drawing a st. line through P : 

that is, the A FAE is a minimum. 


Examples. 

1. Two sides of a triangle are given in length; how must they 
be placed in order that the area of the triangle may be a maximum ? 

2 Of all triangles of given base and area^ the isosceles is that 
which has the least perimeter. 

3. Given the base and vertical angle of a triangle ; construct it 
BO that its area may be a maximum. 

4. Find a point in a given straight line such that the tangents 
drawn from it to a given circle contain the greatest angle possible. 

5. A straight rod slips between two straight rulers placed at 
right angles to one another; in what position is the triangle 
intercepted between the rulers and rod a maximum ? 
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6. Divide a given straight line into two parts, so that the sum of 
the squares on the segments may 

(i) be equal to a given square, 

(ii) may be a minimum. 

7. Through a point of intersection of two circles draw a straight 
line terminated by the circumferences, 

(i) so that it may be of given length, 

(ii) so that it may be a maximum. 

8. Two tangents to a circle cut one another at right angles ; 
fiiud the point on the intercepted arc such that the sura of the 
perpendiculars drawn from it to the tangents may be a minimum. 

9. Straight lines are drawn from two given points to meet one 
another on the convex circumference of a given circle : prove that 
their sum is a minimum when they make equal angles with the tangent 
at the point of intersection. 

10. Of all triangles of given vertical angle and altitude, the 
isosceles is that which has the least area. 

11. Two straight lines CA, CB of indefinite length are drawn 
from the centre of a circle to meet the circumference at A and 3 ; 
then of all tangents that may be drawn to the circle at points on the 
arc AB, that whose intercept is bisected at the point of contact cuts 
off the triangle of minimum area. 

12. Given two intersecting tangents to a circle, draw a tangent to 
the convex arc so that the triangle formed by it and the given tan- 
gents may be of maximum area. 

13. Of all triangles of given base and area, tlic isosceles is that 
which has the greatest vertical angle. 

14. Find a point on the circumference of a circle at which the 
straight line joining two given points (of which both are within, 
or both without the circle) subtends the greatest angle. 

15. A bridge consists of three arches, whose spans are 49 ft., 
32 ft. and 49 ft. respectively : shew that the point on eitlier bank 
of the river at which the middle arch subtends the greatest angle 
is 63 feet distant from the bridge. 

16. From a given point P without a circle whose centre is C, 
draw a straight line to cut the circumference at A and B, so that the 
triangle ACB may be of maximum area. 

17. Shew that the greatest rectangle which can be iiisc,j i))ed 
in a circle is a square. 

18. A and B are two fixed points without a circle : find a point 
P on the circumference such that the sum of the squares on AP, PB 
may be a minimum. [See p. 147, Ex. 24.] 



248 


EUCLID'S ELEMENTS. 


18. ABC is a triangle, and from any point P perpendiculars 
PD, PE, PF are drawn to the sides : if Sj, Sj, Sg are the centres of 
the circles circumscribed about tlie triangles EPF, FPD, DPE, 
shew that the triangle 818283 is equiangular to the triangle ABC, 
and that the sides of the one are respectively half of the sides of the 
other. 


19. Two tangents PA, PB are drawn from an external point P to 
a given circle, and C is the middle point of the chord of contact 
AB : if XY is any chord through P, shew that AB bisects the angle 
XCY. 

20. Given the sum of two .straight lines and the rectangle con- 
tained by them (equal to a given square) : find the lines. 

21. Given the sum of the squares on two straight lines and the 
rectangle contained by them : find the linc.s. 

22. Given the sum of two straight linos and tlic sum of the 
squares on them : find the lines. 

23. Given the difference between tw’o straight lines, and the rect- 
angle contained by them : find the lines. 

24. Given the sum or difference of two straight lines and the 
difference of their squares : find the lines. 

25. ABC is a triangle, and the internal and external bisectors oi 
the angle A meet BC, and BC produced, at P and P': if O is the 
middle point of PP', shew that OA is a tangent to the circle circum- 
scribed about the triangle ABC. 

26. ABC is a triangle, and from P, any point on the circum- 
ference of the circle circumscribed about it, perpendiculars are drawn 
to the sides BC, CA, AB meeting the circle again in A', B', C'; 
prove that 

(i) the triangle A'B'C' is identically equal to the triangle ABC. 

(ii) A A', BB', CC' are parallel. 

27. Two equal circles intersect at fixed points A and B, and from 
any point in AB a perpendicular is drawn to meet the circumferences 
on the same side of AB at P and Q: shew that PQ is of constant 
length. 

28. The straight lines which join the vertices of a triangle to the 
centre of its circumscribed circle, are perpendicular respectively to the 
sides of the pedal triangle. 

29. P is any point on the circumference of a circle circumscribed 
about a triangle ABC ; and perpendicular.^ PD, PE are drawn from P 
to the sides BC, CA. Find the locus of thi' centre of the circle circum- 
scribed about the triangle PDE. 
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30. P is any point on the circumference of a ( irclc circumsciibed 
about a triangle ABC ; shew that the angle between Simson’s Line for 
the point P and the side BC, is equal to the angle l>ctween AP and 
the diameter of the circumscribed circle through A. 

31. Shew that the circles circumscribed about the four triangles 
formed by two pairs of intersecting straight lines meet in a point. 

32. Shew that the orthoceutres of the four triangles formed by two 
pairs of intersecting straight lines arc collinear. 


On the Construction op THiVNonEs. 

33. G-iven the vertical angle, one of the sides containing it, and 
the length of the perpendicular from the vertex on the base : construct 
the triangle. 

34. Given the feet of the perpendiculars drawn from the vertices 
on the opposite sides : construct the triangle. 

35. Given the base, the altitude, and the radius of the circum- 
scribed circle : construct the triangle. 

36. Given the base, the vertical angle, and the sum of the squares 
on the sides containing the vertical angle : construct the triangle. 

37. Given the base, the altitude and the sum of the squares on 
the sides containing the vertical angle ; construct the triangle. 

38. Given the base, the vertical angle, and the difference of the 
squares on the sides containing the vertical angle : construct the tri- 
angle. 

39. Given the vertical angle, and the lengths of the two medians 
drawn from the extremities of the base: construct the triangle. 

40. Given the base, the vertical angle, and the difference of the 
angles at the base : construct the triangle. 

41. Given the base, and the position of the bisector of the vertical 
angle : construct the triangle. 

42. Given the base, the vertical angle, and the length of the 
bisector of the vertical angle ; construct the triangle. 

43. Given the perpendicular from the vertex on the base, the 
bisector of the vertical angle, and the median which bisects the base : 
construct the triangle. 

44. Given the bisector of the vertical angle, the median bisect- 
ing the base, and the difference of the angles at the base: construct the 
triangle. 
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I. ON POLK AND POLAR. 

DEFINITIONS. 

(i) If in any straight line drawn from the centre of a circle 
two points are taken such that the rectangle contained by their 
distances from the centre is equal to the square on the radius, 
each point is said to be the inverse of the other. 

Thus in the figure given below, if O is the centre of the circle, and 
if OP . 00 = (radius)-, then each of the points P and O is the inverse 
of the other. 

It is clear that if one of these points is within the circle the other 
must be without it. 

(ii) The polax of a given point with reHi>ect to a given circle 
is the straight line drawn through the inverse of the given point 
at right angles to the line which joins the given point to the 
centre : and with reference to the [)olar the given point is called 

the pole. 

Thus in the adjoining figure, if OP . 00= (radius)'**, and if through 



P and Q, LM and HK are drawn perp. to OP; then HK is the polar 
of the point P, and P is the pole of the st. line HK ; also LM is the 
polar of the point Q, and Q the pole of LM. 



11 


EUCLID’S ELEMENTS. 


It id clear that tlie polar of an external point must intersect the 
circle, and that the polar of an internal point must fall without it : 
also that the polar of a point on the circumference is the tangent at 
that point. 

1. Now it has been proved [see Ex. 1, 
page 233] that if from an external point P 
two tangents PH, PK are drawn to a circle, 
of which O is the centre, then OP cuts the 
choi d of contact HK at right angles at Q, 

BO that 

OP . OO- (radius)^ 

H K is the polar of P with respect to the 
circle. D^/. (ii). 

Hence we conclude that 

live Polar of an external point with 
reference to a circle in the chord of contact of 
tangents drawn from the given point to the c\ 

The following Theorem is known as the Reciprocal Property of 
Pole and Polar. 

2. If A and P are ang two points^ and if the polar of A with 
respect to any circle passes through P, then the polar of P must pass 
through A. 

Let BC be the polar of the point A 
witli respect to a circle whose centre is 
O, and let BC pass through P : 
then shall the polar of P pass through A. 

Join OP ; and from A draw AQ perp. 
to OP. We shall shew that AQ is the 
polar of P. 

Now since BC is the polar of A, 
the l ABP is a rt. angle ; 

Bef, (ii), p. i. 

and the Z AQP is a rt. angle : Constr. 
the four points A, B, P, Qare concyclic ; 

OQ. OP=OA . OB III. 36. 

= (radius)^, for CB is the polar of A ; 

P and Q are inverse points with respect to the given circle. 

And since AQ is perp. to OP, 

AQ is the polar of P. 

That is, the polar of P passes through A. 

Q. E. r>. 

A similar proof applies to the case when the given point A is 
without the circle, and the polar BC cuts it. 
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3. To prove that the locus of the intersection of tangents draxen to 
a circle at the extremities of all chords which pass tlu’oiKjh a given point 
is the polar of that point. 

Let A be the given point within the 
circle, of which O is the centre. 

Let H K be any chord passing through 
A ; and let the tangents at H and K 
intersect at P : 

it is required to prove that the locus of 
P is the polar of the point A. 

I. To shew that P lies on tho polar 
of A. 

Join OP cutting HK in Q. 

Join OA ; and in OA produced take the 
point B, 

so that OA . OB — (radiiis)^. ii. 14, 

Then since A is fixed, B is also fixed. 

Join PB. 

Then since HK is the chord of contact of tangents from P, 

OP . 00= (radius)-. Ex. i. p. 233. 

But OA . OB = (radius)-; Constr. 

.. OP . OQ=OA . OB: 
the four points A, B, P, Q are concyclic. 

/. the Z” at Q and B together = two rt. angles. iii. 22. 
But the z at Q is a rt. angle ; Constr, 

the z at B is a rt. angle. 

And since the point B is the inverse of A ; Constr, 

PB is the polar of A ; 
that is, the point P lies on tho polar of A. 

II. To shew that any point on tho polar of A satisfies the given 
conditions. 

Let BO be the polar of A, and let P be any point on it. Draw 
tangents PH, PK, and let HK bo the chord of contact. 

Now from Ex. 1, p. ii, we know that the chord of (‘on tact HK 
is the polar of P, 

and we also know that the polar of P must pass through A ; for P is 
on BC, the polar of A ; lix. 2, p. ii. 

that is, HK passes through A. 

P is the point of intersection of tangents drawn at the ex- 
tremities of a chord passing through A. 

From I. and II. we conclude that the required locus is the polar 

of A. 

Note. If A is without the circle, the theorem demonstrated in 
Part I. of the above proof still holds good ; but the converse theorem 
in Part II, is not true for all points in BC. For if A is without the 
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circle, the polar BC will intersect it ; and no point on that part of 
the polar which is within the circle can be the point of intersection of 
tangents. 

We now see that 

(i) The Polar of an external point with rc»pect to a circle u tfie 
chord of contact of tangents draionfrom it, 

(ii) TIte Polar of an internal is the locm of the intersections 
of tangents drawn at the extremities of all chords which pass through 
it. 

(iii) The polar of a point on the circumference is the tangent at 
that point. 


EXAMPLES ON POLE AND POL/.R. 

1. The straight line which joins any tiro points is the polar with 
respect to a given circle of the point of intersection of their polar s, 

2. The point of intersection of any two straight lines is the pole of 
the straight line which joins their poles, 

3. Find the locus of the poles of all straight lines which pass 
through a given point, 

4. Find the locus of the poles, with respect to a, given circle, of tan- 
gents drawn to a concentric circle, 

5. If two circles cut one another orthogonally and PQ he any 
diameter of one of them; shew that the polar of P with regard to the 
other circle passes through Q, 

6. If two circles cut one another orthogonally, the centre of each 
circle is the pole of their common chord with respect to the other circle. 

7. Any two points subtend at the centre of a circle an angle equal 
to one of the angles formed by the polars of the given points, 

8. O is the centre of a given circle, and AB a fixed straight line. 

P is &iiy point in AB ; find the locus of the point inverse to P with 

respect to the circle. 

9. Given a circle, and a fixed point O on its circumference: P is 
nny point on the circle : find the locus of the point inverse to P with 
respect to any circle whose centre is O. 

10. Given two points A and B, and a circle whose centre is O ; 
shew that the rectangle contained by OA and the perpendicular from B 
on the polar of A is equal to the rectangle contained by OB and the 
perpendicular from A on the polar of B. 
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II. ON Tin: KADIC.VL AXIS. 


To find the locus of from tvhlch the tangents drawn to 

two given circles are equal. 

I'iff. 1. Fip:. 2. 



Lot A and B bo tlie centres of the given circles, whose radii are a 
and h ; and let P be any point such that the tangent PQ drawn to the 
circle (A) is equal to the tangent PR drawn to the circle (B) : 

it is required to find the locus of P. 

Join PA, PB, AQ, BR, AB; and from P draw PS perp. to AB. 

Tlien because PQ=PR, /. PQ2=PR2. 

Br.t PQ-=:PA=2-AQ-*; and PR2=: PB^ - BR^ : i. 47. 

PA2-AQ*^=PB2-BR2; 

thatis, PS‘-2 + AS2-rt-=PS2-f SB2-?/-; i. 47. 

or, AS2-a‘-J=SB2-Z;2. 

Hence AB is divided at S, so that AS^- SB^ — a 2 _ 

G i;5 a fixed point. 

Hence all points from which equal tangents can be drawn to the 
two circles lie on the straight line which cuts AB at rt. angles, so 
that the difference of the squares on the segments of A B is equal to the 
difference of the squares on the radii. 

Again, by simply retracing these steps, it may be shewn tliat in 
Fig. 1 every point in SP, and in Fig. 2 every point in SP exterior to 
the circles, is such that tangents drawn from it to the two circles are 
equal. 

Hence we conclude that in Fig. 1 the whole line SP is the required 
locus, and in Fig. 2 that part of SP which is without the circles. 

In either case SP is said to be the Radical Axis of the two circles. 
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CoBOLLART. If the circles cut one another as in Fig. 2, it is clear 
that the Radical Axis is identical with the straight line which passes 
through the points of intersection of the circles; for it follows readily 
from III. 36 that tangents drawn to two intersecting circles from any 
point in the common chord produced are equal. 

2. The Radical Axes of three circles taken in pairs are concttrrenU 



Let there be three circles whose centres are A, B, C. 

Let OZ be the radical axis of the ©■ (A) and (B); 
and OY the Radical Axis of the e" (A) and (C), O being the point of 
their intersection ; 

then shall the radical axis of the G" (B) and (C) pass through O. 

It will be found that the point O is either withont or within all 
the circles. 

I. When O is without the circles. 

From O draw OP, OQ, OR tangents to the ©' (A)> (B), (C). 

Then because O is a point on the radical axis of (A) and (B) ; 

OP=OQ. 

And because O is a point on the radical axis of (A) and (C), 

/. OP=OR, 

OQ=OR; 

O is a point on the radical axis of (B) and (C), 
i.o. the radical axis of (B) and (C) passes through O. 

II. If the circles intersect in such a way that O is within 
them all ; 

the radical axes are then the common chords of the three circles 
taken two and two ; and it is required to prove that these common 
chords are concurrent. This may be shewn indirectly by iii. 35. 


Hyp. 

Hyp. 


Definition. The point of intersection of the radical axes of thxee 
circles taken in pairs is called the radical centre. 
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To draw the radical axis of two given circles. 

P 



Let A and B be the centres of the given circles : 
it is required to draw their radical axis. 

If the given circles intersect, then the st. line drawn through tlieir 
points of intersection will be the radical axis. [Ex. 1, Cor. p. vi.] 
But if the given circles do not intersect, 

describe any circle so as to cut them in E, F and G , H : 

Join EF and HG, and produce them to meet in P. 

Join AB; and from P draw PS perp. to AB. 

Then PS shall be the radical axis of the ©• (A), (B). 


Definition. If each pair of circles in a given system have 
the same radical axis, the circles are said to be co-azal. 


EXAMPLES. 

1. Shew that the radical axis of two circles bisects any one of their 
common tangents, 

2. If tangents are drawn to two circles from any point on their 
radical axis; shew that a circle described with this point as centre and 
any one of the tangents as radius^ cuts both the given circles ortho^ 
gonally. 


3. O is the radical centre of three circles, and from O a tantjent 
OT is drawn to any one of them: shew that a circle whose centre is O 
and radius OT cuts all the given circles orthogonally. 

4. If three circles touch one another, taken two and two, shew that 
their common tangents at the points of contact are concurrent. 





